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The stirred tank bioreactor is one of the most widely-utilised technologies in the 
biopharmaceutical industry for large-scale mammalian cell culture resulting in the 
production of therapeutic monoclonal antibodies. In these reactors, cells are exposed to 
fluid shear stress from various sources within the culturing environment which, in the 
absence of intervention, can result in cell lysis. The shear protectant Pluronic F-68 (PF-
68) is commonly added to large-scale mammalian cultures in order to mitigate this 
shear-induced cell damage. However, as the industry moves towards ever higher cell 
densities and product titres there have been reports that the protective effects of PF-68 
become limited at these scales. Bovine serum albumin (BSA) is an animal-derived 
protein which has also been suggested to play a role in mitigating shear-induced lysis in 
mammalian cell culture but the specific effects and the mechanism(s) by which this has 
been proposed to occur have not been well-characterised. Further research into the 
function and method of action of BSA in this capacity may highlight its potential role as 
an alternative to PF-68. Previously published literature on the action of shear protectants 
has proposed a framework for categorising their method of action as either (i) physical, 
(ii) slow-acting physiological or (iii) fast-acting physiological in nature. 
To investigate the effect of BSA on mammalian cells in a shearing environment, 
a laminar flow shear apparatus was developed which can subject cells in suspension 
culture to well-defined, fluid shear stress utilising a combination of concentric cylinder 
and cone-and-plate geometries. In order to maintain aseptic test conditions, all cell-
contacting surfaces of the apparatus were manufactured using corrosion-resistant 
materials that were easy to sterilise between tests. The apparatus was also designed to 
operate in the absence of a liquid/air interface to enable the user to distinguish between 
any observed physical or physiological protective effects of BSA. Functionality of the 
test setup was validated through a series of experiments tracking cell circulation, culture 
viability and shear-induced cell lysis. A novel aspect of the device is that it produces a 
more representative model of the long-term effects of shear on cells in stirred tank 
bioreactor culture than previously described Couette flow devices by enabling the 
shearing of cells in continuous culture for up to 24hrs. 
 It was shown that BSA provides concentration-dependent protection from shear 
stress over the range studied (0-4g/L) in both long-term, shear-in-culture experiments 





immediately after the BSA was added to the culture and fully lose effect immediately 
after being removed from the culture, indicating that the action of BSA is transient in 
nature and functions in part through a fast-acting, physiological mechanism. The 
dynamic viscosity of the culture medium was not significantly affected when BSA 
concentrations over the range 0-4g/L were supplemented. However, the surface tension 
of the medium was reduced by ~6% over this range, suggesting that BSA also provides 
a physical protective effect in cultures that utilise direct sparging or have a liquid/air 
interface. The protective effect of BSA was still seen in the absence of cholesterol 
supplementation and when thermal denaturation of the BSA at 100°C was carried out 
prior to testing. Additionally, it was shown that BSA associates directly with NS0 cells 
and that the damage-mitigating effect of the protein is not masked when the plasma 
membrane of the NS0 cells is saturated with high concentrations of PF-68. It is thus 
proposed that the fast-acting, physiological protective effect is manifested through the 
formation of a BSA coating around the external surface of the cell via adsorption of 
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1.1 Project Background 
Animal cell technology is a rapidly growing industry which has diversified into a wide 
array of fields since its development was ignited almost 70 years ago by research 
published by Enders et al. in 1949 that paved the way for the production of urgently 
needed polio vaccine on an industrial scale using Green Monkey kidney cells. The field 
of mammalian cell culture in particular has become a major sector in modern 
biotechnology, giving rise to products such as viral vaccines, interferons and 
recombinant proteins (Merten 2006). Advances in mammalian cell culture initiated by 
Köhler and Milstein in 1975 have also paved the way for hybridoma technology, which 
led to the development of monoclonal antibodies (mAbs) for therapeutic applications. 
 Monoclonal antibodies are antibodies which are produced by identical B-
lymphocyte cells that are all clones of a unique parental immune cell. They have a 
monovalent affinity, meaning they all bind to the same epitome (the specific part of the 
antigen that is recognised by the antibody) (Liu 2014). The first commercialised 
therapeutic mAb product, Orthoclone OKT3, was approved for use in 1986 for 





use of mAbs has expanded rapidly in scope and diversified into a variety of different 
unique types. According to Ecker et al (2015), between 1986 and 2013 the therapeutic 
monoclonal antibody market had increased in value to ~$75 billion, representing about 
half of the total sales for all biopharmaceutical products on the market at that time. 
Regulatory approval of 47 mAb products had been achieved by the end of 2014 in the 
US or Europe with an average current rate of approximately 4 new mAb products being 
approved each year. It is projected that ~70 mAbs will be approved for commercial use 
by 2020 and that the industry will reach estimated global sales totalling $125 billion by 
that time (Ecker et al. 2015). 
 For commercial applications, therapeutic mAbs can be generated by hybridoma 
cells in suspension culture (a type of culture in which the cells are able to float freely in 
the liquid medium). Typically, this culture process is carried out on an industrial scale 
in bioreactors after which the mAbs are separated from the culture through downstream 
processing for employment in the commercial product. The most efficient bioreactor 
design used for the production of mAbs is the stirred tank bioreactor. This design, in 
general terms, consists of a large stainless steel vessel containing the cell culture which 
is agitated continuously to maintain homogeneity by means of a rotating impeller while 
supplying the cells with oxygen by bubbling it through the culture using a sparger. 
However, concerns exist regarding the “shear sensitivity” of mammalian cells grown in 
stirred tank bioreactors because these cells lack a cell wall and are large in size relative 
to the typical microorganisms cultured in fermenters which suggests they may be more 
vulnerable to damage resulting from fluid shear stress in the bioreactor environment 
(Hu et al. 2011). The main causes of shear damage in stirred tank bioreactors include: 
(i) cells adhering to rising bubbles (produced by sparging), which are then carried to the 
liquid/air interface at the culture surface where the bubbles rupture (Chisti 2000), (ii) 
high-impeller agitation speeds (Michaels et al. 1991) and (iii) cells adhering to rising 
bubbles and being entrained into the vortex surrounding the impeller (Oh et al. 1992). 
In these scenarios, turbulent micro-eddies are created in the vicinity of the cells, 
exposing them to excessive magnitudes of shear stress.  
Many approaches have been attempted to mitigate the damage to cells resulting 
from shear stress in bioreactors, the most commonly employed technique being the 
addition of shear protectants to the culture medium. Many substances have been tested 
for their efficacy in this capacity for both aerated and non-aerated cultures, including 





dextrans, fetal bovine serum (FBS) and bovine serum albumin (BSA) (Papoutsakis 
1991). Among these, Pluronic F-68 (PF-68) is one of the most widely utilised shear 
protectants. Since the late 80s, Pluronic F-68 has played a significant role in the 
development of large-scale mAbs production processes by reducing the shear damage 
experienced by mammalian cells in culture (Murhammer and Goochee 1988). However, 
with the further scale-up of these processes resulting in ever increasing cell 
concentrations and product titres, issues with the use and efficacy of PF-68 have entered 
the foreground. A collaborating partner on the research conducted in this project, Eli 
Lilly (Kinsale, Co. Cork), have reported perceived performance issues with Pluronic F-
68 in their large-scale mAbs production processes which, they suggest, results in 
reduced cell viability. Evidence in the published literature supports these concerns. For 
example, following an investigation into low CHO cell viability in sparged bioreactors 
in 2015, it was reported by Apostolidis et al. that differences in protection of up to 8% 
were observed between different batches of PF-68. This is a result of the probability-
based method of production of PF-68, which carries inherent issues that make batch-to-
batch consistency difficult to achieve. Additionally, Pluronics have been demonstrated 
to harbour low molecular weight impurities (Karen Bentley et al. 1989) as well as trace 
levels of contaminants (Passini and Goochee 1989). It has also been suggested that the 
supplement loses its effect as a shear protectant at higher cell concentrations (Ma et al. 
2004). As a result of these issues, there has in recent years been renewed interest by Eli 
Lilly in the role of another mammalian cell culture supplement that they use in their cell 
cultures, bovine serum albumin (BSA), and its potential role as a shear protectant. 
BSA is an animal-derived serum protein which is the most abundant protein 
component of fetal bovine serum (FBS) (Quinlan et al. 2005). It has remained 
ubiquitous in mammalian cell culture historically because it is associated with 
successful growth outcomes (Kan and Yamane 1982). BSA is hypothesised to achieve 
these improved outcomes (in part) by mitigating damage to mammalian cells resulting 
from shear stress experienced in bioreactors. This has been suggested from a limited 
number of investigations into this topic in the 80s and 90s when it was proposed that 
BSA provides a concentration-dependent protective effect to cells in sparged and non-
sparged shake flask cultures that have a liquid/air interface at the culture surface 
(Hülscher and Onken 1988; Ozturk and Palsson 1991; Zhang et al. 1995). Michaels et 
al. carried out studies in the mid-90s which took this a step further by suggesting that 





mitigate cell damage caused by bubbles rupturing at the culture surface. However, there 
does not exist a significant body of supporting research on these topics and thus the 
precise effect and mechanism(s) by which the proposed protection may operate remains 
poorly understood. This lack of research is largely a result of the dominant usage of PF-
68 in recent decades, eliminating the requirement for a thorough investigation into the 
effect of BSA in this capacity until recent years. 
However, the use of BSA also carries some concerns of its own. As the demand 
for mammalian cell culture on an industrial scale for the production of therapeutic 
monoclonal antibodies has grown over time, so too has the requirement for improved 
quality control and scrutiny regarding the design of culture media used in the production 
of these antibodies. Historically, FBS served as an important medium-component used 
in the development of mammalian cell culture lines as it was seen as a crucial provider 
of nutrients, growth factors, hormones and attachment factors (Francis 2010). However, 
FBS is an animal-derived product and its use carries with it significant regulatory issues 
regarding the potential for batch-to-batch performance variability and the risk of 
introducing biological contaminants such as viruses or prions into the cell culture 
(Merten 2002). Early attempts to overcome these concerns and develop serum-free 
media involved removing all of the components of FBS from the culture media except 
for BSA, which has remained largely commonplace as a supplement in mammalian cell 
culture for the production of mAbs (Francis 2010), in an effort to more clearly 
standardise the protocols for developing culture media and move a step closer to a point 
where all of the constituent parts of the medium are chemically defined with each of 
their exact quantities known. However, as the use of BSA still carries many of the same 
concerns as FBS from a regulatory standpoint, in addition to being expensive to source 
(Merten 2002), there is a need to clarify the precise role and method of action of the 
protein as a shear protectant. Improved understanding in this area harbours the potential 
for the development of a chemically-defined substitute that could fulfil the role of BSA 
while replacing both BSA and PF-68 in the culturing process. 
 
1.2 Key Project Objectives 
Following the rationale laid out in section 1.1, the primary focus of this research is to 





stress and, if so, to characterise the specific mechanism(s) by which it operates. This 
requires testing the performance of BSA as a shear protectant in a controlled culturing 
environment in which the shear conditions experienced by the cells can be well-defined 
and, thus, any action of BSA clearly highlighted. The key objectives in executing this 
testing are identified as follows: 
 
 To design and develop a shear device which can produce a well-defined, laminar 
flow in order to subject mammalian cells in suspension culture to uniform, 
quantifiable magnitudes of fluid shear stress. The device should be capable of 
subjecting cells to shear stress at high cell densities while the cells are being 
cultured in order to accurately replicate the conditions present in stirred tank 
bioreactors. Techniques for subjecting cells to shear stress which have been 
previously published in the literature and inform the design approach taken in 
this project are discussed in more detail in section 2.6. 
 To use this device to characterise any protective effects of BSA and the specific 
mechanism(s) by which they are manifested by subjecting the cells to damaging 
levels of shear stress with and without BSA supplementation and quantifying 
this damage using assays that assess cell membrane damage.  
 As the role and method of action of Pluronic F-68 as a shear protectant has 
already been characterised in detail in the literature, executing additional testing 
with this supplement would serve as an important model of comparison in order 
to better contextualise any observed effects of BSA. Any interactions between 
BSA and PF-68 should also be investigated, as they are frequently supplemented 
together in industrial cultures producing mAbs. 
 
1.3 Chapter Summary  
This thesis is divided into seven chapters. Chapter 1 is the Introduction, which provides 
a general overview of the monoclonal antibody industry, the use of bovine serum 
albumin in the mammalian cell culturing process and the need to carry out further 
research on the role BSA plays as a possible shear protectant in industrial mammalian 





Chapter 2 is the Literature Review, which examines the issues raised in Chapter 
1 in greater detail by exploring the current understanding of the shear stress mechanisms 
that cause damage to mammalian cells in suspension culture in industrial-scale 
bioreactors as well as discussing the techniques that can be used to illuminate the 
potential role BSA plays in mitigating this damage.  
Chapter 3 is the Materials and Methods chapter which provides an overview of 
the experimental techniques that were employed in this project. This includes 
information on the cell line and culture media that were used, the raw materials and 
manufacturing processes involved in producing the shear device and the biology lab 
techniques that were carried out in the project. 
Chapter 4 is the Shear Apparatus Design and Development chapter. It provides a 
detailed explanation of the design and manufacturing process for the shear device used 
in the experiments with BSA. It also lays out the theoretical rationale behind the device 
geometry in addition to details of the numerical models that were generated to simulate 
the fluid flow within the device. Additionally, the steps that were taken to expand the 
experimental setup further and validate that the design was fit for purpose are explained 
in this chapter. 
Chapter 5 is the Results chapter, which details the findings of the experiments 
investigating the effect of BSA and PF-68 on the culture medium physical properties, 
the shear tests involving BSA and PF-68 and the experiments examining any direct 
association between BSA and the mammalian cells. These results are analysed in the 
context of the current understanding of this topic as seen in the literature. Finally, in 
















In Chapter 1, a brief overview of the background to this project is laid out and the key 
objectives are identified. The purpose of this literature review chapter is to expand upon 
the concepts discussed in the introduction, with the following goals: 
(i) To provide a detailed context for the research carried out in this project by 
studying the origin of the therapeutic monoclonal antibody industry as well 
as the key developments that inform the current state of the industry and to 
select an ideal cell line for use in the testing phase of this project 
(ii) To examine the current state-of-the-art regarding the most efficient industrial 
bioreactor design for the large-scale production of monoclonal antibodies as 
well as to better understand the main sources of damaging shear stress within 
the bioreactor environment and the mechanisms by which this damage 
occurs 
(iii) The most widely-used substances that have been investigated for their shear 





as the current level of understanding regarding the use of bovine serum 
albumin in this capacity in order to inform the experimental approach carried 
out in this project 
(iv) Previously described techniques and shear devices that have been used to 
characterise the effects of different shear protectants are examined in order 
to determine the design approach and methodology utilised in the 
development of the test setup in this project 
 
2.2 Mammalian Cell Technology 
2.2.1 Industry Origins 
The first in vitro animal cell cultures were developed in the early 20
th
 century in order to 
investigate cell processes and anatomical structure. However, as was briefly introduced 
in Chapter 1, the initial advances that laid the groundwork for the creation of the animal 
cell technology industry did not begin in earnest until the mid-1950s with the 
development of the first industrial processes to produce polio vaccine from African 
Green Monkey kidney cells. This advancement was driven by research published in 
1949 by Enders et al. and an urgent requirement for large scale production of the 
vaccine in response to disease. These kidney cells were grown in adherent (i.e. 
anchorage-dependent) culture in stationary flasks and rolling bottles and, according to 
Spioer (1991), the only thing required in order to expand production at this early stage 
was to increase the total number of flasks/bottles. However, there were many problems 
associated with the use of primary monkey kidney cells, such as the relatively high risk 
for contamination with viruses, donor animals shortages, ethical concerns associated 
with using cells from an endangered species and the practical limitations of using an 
adherent cell line (Stones 1977; Beale 1980). The issue of contamination, in particular, 
remains one of the larger issues facing the industry in modern times and will be 
discussed in more detail later in this chapter.  
In the 1960s, human diploid fibroblast cells were successfully adapted to culture 
and it was demonstrated by Wiktor et al. that they could be used to grow the rabies 
virus for the purpose of producing a vaccine (1964). This was followed up by the same 





1L bottles and using these to investigate the immunogenicity of purified rabies vaccine 
(Wiktor et al. 1969). Around the same time (early 1960s), it was demonstrated that the 
foot-and-mouth virus could be grown successfully in primary bovine cells in culture 
dishes. This was followed up when it was shown that the virus could be grown inside 
the anchorage-dependent cell line derived from baby hamster kidney (BHK) tissues and, 
within a year of this development, adherent BHK cells were adapted to suspension 
culture by Capstick et al. (1962). This was a significant advance that directly led to the 
development of the first large-volume, stirred tank bioreactors used for culturing animal 
cells on an industrial scale, with the process eventually being scaled up to 2500L (Pay et 
al. 1985; Radlett et al. 1985). This was in response to the enormous demand for the 
production of a foot-and-mouth vaccine to cater for hundreds of millions of cattle, each 
of which may typically require several vaccinations per year, which placed a huge strain 
on the ability of the production techniques to meet the demand. Running parallel with 
these developments, an important step in the advancement of animal cell technology 
was overcome at the Lake Placid Conference in 1978 when the FDA approved the use 
of continuous cell lines for the industrial production of biological molecules and 
products for human therapeutic applications (Petricciani 1995). This resulted in the 
large-scale production of interferon in volumes of up to 8000L using Namalwa cells by 
Pullen et al. in 1985 and the commercial production of inactivated polio vaccine in the 
early 80s using a production process that utilised Vero cells (Montagnon et al. 1980).  
 
2.2.2 Proliferation of Monoclonal Antibody Technology 
As introduced in Chapter 1, monoclonal antibodies (mAbs) are antibodies which are 
produced by identical B-lymphocyte cells that are all clones of a unique parental 
immune cell. They were first produced in mice by Köhler and Milstein in 1975 using a 
technique involving the use of hybridoma cells (discussed in more detail later in this 
chapter). The first commercialised therapeutic mAb product, Orthoclone OKT3, was 
approved for use in 1986 for preventing the rejection of kidney transplants in patients. It 
operates by attaching to and restricting the effects of CD3 expressed on T-lymphocytes. 
In this way, it blocks the T-lymphocytes from becoming activated and initiating an 





By the late 80s, monoclonal antibodies were already being produced 
commercially on a scale of up to 1000L by Celltech (Lambert et al. 1987). This spurred 
the growth and development of expression systems based upon mammalian cell culture 
through the 80s and 90s using cell lines such as Chinese Hamster Ovary (CHO) and 
NS0. The amplification and selection markers Glutamine-Synthetase (GS) and 
Dihydrofolate-reductase (DHFR) were developed for these cell lines, as well as 
recombinant technologies (Cockett et al. 1990; Page and Sydenham 1991). The 
proliferation and growth of these technologies in the pharmaceutical and biotechnology 
industries have led to the production of a variety of therapeutic products, such as 
antibodies, hormones, vaccines interferons, clotting factors, immunoadhesins and 
erythropoietin (Merten 2006). The development and diversification of mammalian cell 
expression systems in particular was largely influenced by the drive to produce larger 
quantities of recombinant proteins. These proteins needed to be produced to a high 
degree of fidelity in order to satisfy the requirements of various governing authorities 
regarding human therapeutic products.  According to Page (1988), mammalian cells 
were thus chosen for this production due to the need for precise post translational 
modification and processing.  
Mammalian cell technology has gone through a major expansion over the last 
couple of decades in terms of production volume with stirred tank biroeactors for the 
production of monoclonal antibodies being scaled up to 25,000L in recent times 
(Monteil and Kuan 2018). Furthermore, in 2002, the first human mAb was approved for 
use by the Food and Drug Administration in the United States (Mahmuda et al. 2017). 
However, concurrently with this there have also been steep advances in mAb production 
titers over time. The earlier mentioned development of recombinant GS-NS0 
technology in the early 90s paved the way for the production of mAbs at quantities of 
around 1-2g/L in fed batch processes (Bibila et al. 1994). As reported by Merten in 
2006, this titer had increased quickly to around 5g/L by the mid-2000s and it was 
reported by Hu et al. in 2011 that this has been increased further to ~10g/L at cell 
densities of up to 2 x 10
7
 cells/ml. This has resulted in a reduced need for ever-
increasing production volumes as much larger product titers can now be produced 
without increasing the volume. 
In order to test the efficacy and method of action of bovine serum albumin on 
mammalian cells used for the production of mAbs, a cell line must be selected for use in 





commonly used cell lines for mammalian protein expression, particularly in commercial 
applications such as for the production of biopharmaceuticals. In the case of CHO cells, 
this is because of their relatively hardy growth characteristics and their history of being 
accepted by regulatory bodies for the purpose of producing biomolecules (Zhu 2012). 
For example, CHO cells have been used commercially to produce a monoclonal 
antibody named Humira (used to treat rheumatoid arthritis), which was the top-selling 
biologic in 2012 with sales of almost 9 billion dollars (Huggett 2013). NS0 cells can 
also be adapted to suspension culture with relative ease and are one of the most 
commonly employed cell lines for the large-scale production of mAbs. This is due to 
the fact that they are derived from tumour cells which synthesise and secrete 
immunoglobulin proteins and they are thus well-equipped for the manufacture and 
secretion of proteins (Birch and Froud 1994). Through our research collaborators at Eli 
Lilly, a company producing monoclonal antibodies at their production facility in 
Kinsale, Co. Cork, we were able to obtain a steady supply of NS0 cells for use in the 
tesing phase of this project. The use of this cell line for the production of mAbs is 
explained in more detail in the next section. 
 
2.3 NS0 Cells 
2.3.1 Description of Cell Line 
The NS0 cell line is a subclone of the NSI/1 mouse myeloma cell line which has been 
adapted so that it does not secrete any light or heavy chain ligands (Köhler and Milstein 
1976; Galfre and Milstein 1981). One of the major advantages that the NS0 cell line has 
with regards to the production of industrial quantities of recombinant proteins is that 
they can be adapted to medium which is free of animal serum and animal proteins to 
high biomass in fermenters (Broad et al. 1991). They also have the advantage of being 
ideal candidates for the glutamine synthetase selection system because they do not have 
endogenous GS activity. This means that a plasmid containing both the gene responsible 
for GS activity and the DNA fragment of interest can be transfected into NS0 cells and 
that the cells which produce the mAb of interest can be isolated from the greater 
heterologous cell population through the relatively straight-forward method of culturing 





2.3.2 History of Development 
The original process involved in the development of the NS0 cell line is summarised 
graphically in the flow chart in Figure 2.1. The first step in this process occurred when 
Potter and Boyce discovered that intraperitoneal injections of mineral oil into BALB/c 
mice resulted in the formation of plasma cell neoplasms in 1962. Potter and McCardle 
later presented the histological details of the development of these plasmacytomas 
(1964). Around the same period of time, the US National Institute of Health Animal 
Production Unit induced tumours in BALB/c mice and one of these tumours, MOPC21 
(mineral oil induced plasmacytoma, accession number 21), was found by Potter et al. in 
1965 to secrete an antibody called Immunoglobulin G1 (IgG1). Cells from the MOPC21 
tumour were isolated and adapted to in vitro tissue culture by Horibata and Harris in 
1970. The heterologous suspension cells that resulted from this process were named 
P3K cells and were still shown to synthesise and secrete IgG1 like the MOPC21 tumour 
cells from which they were derived.  
Next, the P3K cells were then cloned, which resulted in the generation of the P3-
X27 cell line. These cells also synthesised and secreted IgG1. Further cloning of the P3-
X27 cell line gave rise to two more cell lines, one of which was 289-16 (Ramasamy et 
al. 1974). It was shown that the 289-16 cells did not secrete IgG1 and that they only 
synthesised the light chain, not the heavy chain. The 289-16 line was thus renamed as 
NSI/1 (i.e. non-secreting) (Cowan et al. 1974). Clones from the NSI/1 cell line were 
produced (named P3/NSI/1-Ag4-1) which were resistant to 8-azaguanine and expressed 
only intracellular Κ light chains (Köhler and Milstein 1976). Finally, clones of the 
P3/NSI/1-Ag4-1 cell line were found not to synthesise or secrete any heavy or light 
chains of immunoglobulin. The resulting murine myeloma cell line was named NS0/1, 
also referred to as NS0 (Merten 2006).  
In modern industry, NS0 cells are typically grown freely suspended in a liquid 
culture medium in bioreactor vessels for the large-scale production of monoclonal 
antibodies. As discussed in Chapter 1, one of the key objectives for this project is to 
develop a mechanical shear device that replicates the shear conditions that mammalian 
cells are exposed to in the bioreactor environment. Having selected NS0 as the cell line 
for use in the testing phase of this project, the next step is to examine the most efficient 
bioreactor design that is currently used for the industrial production of mAbs and better 





mammalian cells. This information can be used to help inform the design parameters for 

































Figure 2.1 Flow chart showing the chronological steps in the development of the 
NS0 cell line (adapted from Barnes et al. 2000). 
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2.4 Industrial Bioreactors 
2.4.1 Stirred Tank Vessels 
Stirred tanks are the most commonly employed bioreactors for large-scale, industrial 
suspension culture of cells that produce mAbs due to their relative simplicity of design, 
ease of sterilisation and because they have been in use for several decades, making them 
a well understood technology. The most basic design consists of a stainless steel vessel 
in which the culture is stirred continuously with a rotating impeller. Oxygen is usually 
supplied to the cells by bubbling air up through the culture from a sparger located near 
the bottom of the tank and the temperature is controlled using a thermal jacket. Probes 
monitoring the different growth variables such as dissolved oxygen concentration (dO2), 
pH level and temperature are inserted into the vessel through ports in order to provide 
real time updates on the conditions within the culture. Figure 2.2 illustrates the basic 
design of a typical stirred tank reactor. 
The first documented instance of a stainless steel bioreactor being used to grow 
animal cells in freely suspended, agitated culture was when Telling and Elsworth used 
BHK cells to produce an inactivated vaccine for foot and mouth disease in a 30L vessel 
(1965). From that time up until around the mid-1980s, stirred bioreactor vessel scale-up 
was achieved up to a volume of 8m
3
 for the production of interferon using Namalwa 
cells. In recent years, suspended animal cell bioreactors have been scaled up to over 
25,000L. However, as the titres associated with these processes have gradually 
improved over the same period, the requirement for further scale-up has become less 






























Figure 2.2 A schematic illustrating the basic design of a stirred tank bioreactor. 
The impeller-based agitation system and sparger are illustrated as well as a 
thermal jacket and sensors monitoring dO2, pH and temperature levels within the 
culture. 
 
One of the biggest issues early on the in the development of stirred tank, 
suspension culture bioreactors was the shear sensitivity characteristic of cells. This 
problem was considered to be particularly pertinent in the case of cells that lack a cell 
wall, such as mammalian cells. The concern surrounding this resulted in the 
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development of different kinds of bioreactors in the 1980s which employed agitation 
and aeration techniques which were considered to be less damaging to the cells. 
Examples of this are air-lift, hollow-fibre and circulating fluidised bed bioreactors. Of 
the bioreactor technologies mentioned, several have been adapted for small-scale lab 
use in order to replicate the conditions present in large-scale vessels and develop new 
processes. The predominant technologies that are replicated in these small-scale 
applications are the stirred tank bioreactor and air-lift models (Kunas and Papoutsakis 
1990). Recent advances in small-scale and disposable bioreactors have led to the 
development of systems that can be used to carry out a large number of experiments in 
parallel in order to increase experimental throughout and speed up process development 
even further. An example of this technology is the AMBR System created by Sartorius 
which enables the user to culture cells at working volumes of less than 15ml in 
miniature, disposable stirred tank bioreactors (Figure 2.3). This system can be 
configured for running 24 or 48 bioreactors at once and allows for the real-time 
monitoring of pH and dissolved oxygen levels while subjecting cells to impeller 
agitation and direct sparging (Sartorius 2019). 
 
 
Figure 2.3 The AMBR 15 Cell Culturing system developed by Sartorius, which 
enables the high-throughput culturing of cells in either 24 or 48 parallel stirred 
tank mini-bioreactors (adapted from Sartorius 2019).  
 
All of the dominant bioreactor technologies used for large-scale mammalian cell 
culture rely heavily on maintaining an optimal balance between maintaining 





culture can result in reduced cell growth) and the efficient mass transfer of oxygen to 
the cells (Nienow 2006). Poor mixing of the culture can also result in problems with the 
accurate real-time monitoring of the key culture parameters. However, it is now 
generally accepted that the historical concern around shear sensitivity was somewhat 
overblown and freely suspended cells grown in stirred tanks is still the dominant 
culturing technology used in industry today, even at the very largest working volumes. 
Direct sparging also remains the most commonly employed aeration technique as it 
remains the most efficient method in terms of mass transfer of oxygen to the cells 
(Chalmers 1998).  
Overall, stirred tank reactors have emerged as the technology of choice for 
large-scale mAbs production processes. They are also commonly used for the growth of 
anchorage-dependent cells through the use of microcarriers suspended in the tanks. 
However, for many processes with low working volumes or for specialty applications 
(i.e. viral vaccine production and gene therapy), a more diverse range of bioreactor 
technology is still in common use (Chu and Robinson 2001). Nevertheless, there are 
issues associated with this design which can impact production capacities if there is no 
intervention to mitigate shear damage. The sources of this shear damage and the most 
commonly utilised techniques used to address the problem are discussed in the 
following sections. 
 
2.4.2 Hydrodynamic Shear Stress and Cell Damage Mechanisms 
2.4.2.1 Introduction 
As mentioned, the use of stirred tank bioreactors in particular for the large-scale 
culturing of mammalian cells for the production of various products such as mAbs 
carries many advantages such as a simple and well-established design, homogenous 
growth conditions, scaleability and ease of monitoring of the various growth parameters 
(Kunas and Papoutsakis 1990). However, the techniques employed in achieving the 
efficient mass transfer of oxygen and essential nutrients to the cells produce a complex 
and dynamic fluid-mechanical environment within the bioreactor. This creates a 





to hydrodynamic shear stress from different sources within the environment which can 
result in shear-induced cell lysis.  
It has been suggested that three main damage mechanisms exist which can result 
in either cellular damage or necrotic death due to shear stress. These are (i) high 
impeller agitation speeds, (ii) aeration by sparging and (iii) sparging in the presence of 
mechanical agitation (Michaels et al. 1991; Papoutsakis 1991; Chisti 2000). Each of 
these cell damage mechanisms will now be taken individually and discussed in more 
detail. 
 
2.4.2.2 High Impeller Agitation Speeds 
As discussed earlier, stirred tank bioreactors use mechanical impellers to ensure that the 
concentrations of all the constituents of the culture medium remain homogenous. 
Turbulent micro-eddies can form within the culture when the impeller is rotating at 
relatively high speeds, resulting in cells in the vicinity of the impeller experiencing 
excessive magnitudes of shear stress. According to Michaels et al. (1991), this 
mechanism can manifest itself in both aerated and non-aerated cultures and the cell 
damage is maximised when the micro-eddies are of a similar or smaller size than the 
cells themselves (9-15µm). In addition to affecting cells floating freely in suspension 
culture, it has been shown that this issue persists when cells are grown on suspended 
microcarriers, with human fibroblasts and bovine embryonic kidney cells cultured on 
microcarrier beads becoming damaged when the size of the smallest turbulent 
microeddies in the bioreactor approach the size of the microcarrier beads (Croughan et 
al. 1987; Cherry and Papoutsakis 1989). However, as mentioned by Cruz et al. (1998), 
for Sf9 cells grown in freely-suspended culture in serum-free medium there is no 
observed effect on the specific cell growth rate when the agitation speed is <270 rpm 
and even at the highest rotational speeds used only a very small reduction in the specific 
cell growth rate was observed after 24 hours of culture with a cell viability of over 97%. 
Although still a source of cell damage, mechanical agitation in isolation is generally not 
the most significant issue for suspension cells unless the rotational speeds are very high. 
The local velocity of the culture medium at any fixed point in a stirred reactor 
fluctuates about a mean velocity value. Thus, in turn, the shear stress experienced by 





turbine (one of the most commonly employed impeller designs in stirred tank reactors), 
the fluctuating component of the local velocity at a fixed position in the vicinity of the 
impeller will increase as the rotational speed of the impeller increases (Chisti 2001). 
The magnitude of these fluctuations depends on a number of factors, such as the variety 
of impeller being used, its rotational speed, the number of impeller blades, the position 
in the tank and the physical properties of the culture medium. For example, with 
Rushton turbines, these velocity fluctuations will peak in the immediate vicinity of the 
blade tips and become rapidly reduced when extending radially outward from the 
impeller axis of rotation, with other positions in the tank experiencing still lower 
fluctuations. This creates a complex picture in which cells at different positions in the 
reactor are experiencing broadly different shear rates at different moments in time. As 
explained by Chisti (2001), several shear rate values for this environment can be 
determined in order to better clarify what the cells are experiencing, such as the 
maximum shear rate (at the impeller), the time-averaged shear rate and the shear rate in 
the region swept by the impeller blades.  
 
2.4.2.3 Sparging 
Mammalian cells require oxygen in order to grow and remain healthy. This can be a 
difficult problem which needs to be addressed when culturing cells to generate various 
products such as monoclonal antibodies, particularly on industrial scales. As mentioned 
earlier, many techniques have been developed to attempt to optimise this process and 
provide the cells with sufficient concentrations of oxygen throughout their growth 
(Chisti 1999). However, the most practical and most commonly used method for 
achieving this remains direct sparging of the cell culture with a gas mixture containing 
oxygen which has been filtered to remove any foreign contaminants or microbes (Kunas 
and Papoutsakis 1990), particularly when culturing mammalian cells on a large-scale 
(Arathoon and Birch 1986; Lambert et al. 1987; Chisti 1993).  
Sparging works by bubbling air through the culture using a device called a 
sparger which is a submerged aerator that is positioned in the bioreactor such that the 
bubbles rise from near the bottom of the bioreactor through the medium to the liquid/air 
interface at the top. Stirred tank bioreactors are most commonly used in conjunction 





mammalian cells because the technique is simple and effective (Chisti 2000). The 
damage caused by sparging happens as a result of cell-to-bubble adhesion leading to the 
cells being carried to the liquid/air interface at the top of the culture at which point the 
bubbles eventually rupture and damage the cells. Handa et al. (1987) reports that 
various cell lines have been reported to display widely different levels of sensitivity to 
sparging but for all cell lines that have been studied it has been observed that relatively 
smaller bubbles with diameters of <2mm cause more damage to cells than larger 
bubbles (Handa et al. 1987; Tramper et al. 1988; Oh et al. 1992; Chisti 1993). This is 
because larger bubbles rise faster through the culture medium and thus carry fewer 
adherent cells with them to the liquid/air interface. Additionally, larger bubbles don’t 
tend to form a permanent and stable foam layer at the liquid/air interface which can 
result in cells becoming trapped at the interface where damaging bubble rupture events 
are continuously taking place. For this reason, bubble sizes of approximately 10-20mm 
in diameter are usually chosen in industrial bioreactors which are growing murine 
hybridoma cells (Chisti 1993) such as the NS0 cells selected for use in this research 
project. 
When bubbles rupture at the liquid/air interface, the energy of the rupture is 
dissipated as high-speed liquid jets shooting upwards above the surface and injecting 
downwards into the medium (Chisti 2000). This event is illustrated in Figure 2.4 for 
greater clarity. It has also been shown that smaller bubbles burst significantly more 
fiercely than larger bubbles, with bubbles larger than 6mm not producing significant 
liquid jets in comparison (Boulton-Stone and Blake 1993; Garcia-Briones et al. 1994). 
The position and moment at which the maximum energy-dissipation rate exists during a 
bubble rupture event is just below the bubble just prior to the formation of the liquid jet. 
These jets can produce turbulent microeddies in the local region which can damage cells 
that have been carried to the culture surface attached to the bubble. It has been reported 
by Chisti (2000) that these microeddies tend to reduce in scale to a similar size as that of 






























Figure 2.4 A diagram describing the rupturing process of bubbles at the liquid/air 
interface in a sparged bioreactor. [A] Cells adhere to the bubbles and are carried 
to the surface with them, where [B] a hole forms in the bubble and the bubble film 
recedes into the culture medium in the form of a toroidal ring. [C] The dissipation 
of the receding film into the bulk medium generates two opposing liquid jets which 
extend upwards above the culture surface and downwards into the medium. This 
creates a turbulent environment in the vicinity of the rupture event which can 























It has been reported by Tramper et al. (1988) and Tramper and Vlak (1988) that 
several other variables may also influence the degree of cell damage related to sparging 
other than bubble diameter, such as the volumetric flow rate of the supply gas (which 
influences the frequency of both bubble generation and bubble rupture), the diameter of 
the bubble column, the height of the bubble column and the hypothetical killing volume 
associated with each bubble (this relates to the total volume of medium in the 
circulating wake of the bubbles in which cells get trapped and carried to the surface).  
It has been demonstrated experimentally that the death rate of the cells due to 
sparging is reduced when the height of the bubble column is increased with several 
different cell types (Tramper et al. 1988; Tramper and Vlak 1988). It has also been 
shown that increasing the gas entry velocity into the culture broth from the sparger hole 
does not result in an increase in cell death (Jöbses et al. 1991). All of this supports the 
hypothesis that the predominant mechanism by which the cells are damaged or killed 
due to sparging is because of bubble rupture at the liquid/air interface and not because 
of bubble formation at the sparger hole or bubble rise through the medium. 
 
2.4.2.4 Sparging with Impeller Agitation 
As previously indicated, mechanical agitation in isolation is not a major source of 
damage to cells in suspension culture unless it is operating at relatively very high 
rotational speeds, while sparging is a more significant source of damage due to bubble 
rupture at the liquid/air interface. However, damage associated with sparging can be 
amplified in the presence of a rotating impeller, particularly if the impeller interferes 
directly with the column of rising bubbles emanating from the sparger hole (Oh et al. 
1992). Rising bubbles can be entrained into the vortex surrounding the rotating impeller 
and any cells adhering to these bubbles may be subjected to increased rates of lysis 
compared to the same conditions in the absence of sparging (Michaels et al. 1991; 
Papoutsakis 1991; Chisti 2000). This is particularly an issue for the stirred tank 
bioreactor design in which the sparger is typically positioned near the bottom of the 








2.4.3 Proposed Cell Protection Mechanisms 
Having established the different mechanisms of shear-induced mammalian cell damage 
associated with stirred tank bioreactors, the next step is to examine the most effective 
technique for mitigating the damage caused by shear stress that does not involve 
altering the bioreactor design – the addition of shear protectants to the cell culture. The 
supplementation of cell culture media with various additives has been explored as a 
means of mitigating the damage caused to cells by shear stress for the past several 
decades. However, in order to characterise and thoroughly understand the mechanism(s) 
by which a candidate shear protectant may operate, it is first necessary to define the 
different potential mechanisms before carrying out experiments. The following 
terminology was first suggested by Michaels et al. (1991) to define the different 
possible protection mechanisms by which an additive may function: 
 
 Physical: the resistance of the cell itself to shear is not affected, but the factors 
that affect the level or frequency of transmitted shear forces to the cell in a given 
culturing system have changed so that the cell experiences less damage (e.g. 
change in the physical properties of the culture medium). 
 Fast-acting Physiological: the additive influences the ability of the cell itself to 
withstand shear and does this quickly without recurring metabolic events (e.g. 
direct incorporation of the additive into the cell membrane). 
 Slow-acting/Metabolic Physiological: the additive stimulates metabolic 
event(s) that affect the ability of the cell to resist shear and requires a more 
substantial period of exposure before taking full effect 
 
Following the above criteria, illuminating the role of a particular supplement thus 
becomes a process of elimination in which cell samples can be exposed to shear stress 
with and without the supplement under controlled conditions designed to rule in or out 
different mechanisms. The following sections examine the use of the shear protectant 
which is currently the most widely-utilised in the case of large-scale mAbs production - 
Pluronic F-68 - as well as the more recent relevance of bovine serum albumin in this 





additives as shear protectants is critical in informing the specific testing approach 
employed in this project. 
 
2.5 Common Shear Protectants used in Bioreactor Culture 
2.5.1 Pluronic F-68 
Pluronic F-68 is the commercial name for a synthetic non-ionic molecule which is 
comprised of a tri-block copolymer structure (the non-commercial name for Pluronics 
being “polaxamers” (Batrakova and Kabanov 2008). The hydrophobic central block 
consists of propylene oxide chains enclosed on each end by hydrophilic blocks of 
ethylene oxide chains (Tharmalingam et al. 2008). The total average molecular weight 
of Pluronic F-68 is 8400 Da, of which 80% consists of the hydrophilic components of 
the molecule, and it is a member of the Pluronic family of copolymers (Shelat et al. 
2013). All members of the Pluronic family maintain the same basic configuration of 
poly[ethylene oxide] (PEO) and poly[propylene oxide] (PPO) in a PEOm-PPOn-PEOm 
structure, as shown in Figure 2.5 (Santander-Ortega et al. 2006). Different Pluronic 
molecules may vary by the number of m and n monomers existing within each block in 
the copolymer. The hydrophilic/hydrophobic balance of the molecule is a product of 
this ratio of the number of hydrophobic n (PPO) monomers to the number of 
hydrophilic m (PEO) monomers and it is this balance which influences how the 
molecule interacts with cell membranes (Wang et al. 2012). For example, Pluronics 
which have a relatively low hydrophilic/hydrophobic ratio are able to pass through cell 
membranes and can thus be utilised as transport molecules for shuttling drugs or DNA 
from the extracellular environment into the interior of the cell (Batrakova et al. 2003; 
Yang et al. 2008). Examples of this include Pluronic P-85 which has a 
hydrophilic/hydrophobic ratio of 0.5. However, Pluronics which have relatively high 
hydrophilic/hydrophobic ratios do not traverse the plasma membrane, but rather can 
become inserted into the phospholipid bilayer structure of the membrane. Pluronic F-68 
falls into this category as it has a hydrophilic/hydrophobic ratio of 0.8 (Firestone et al. 
2003). Pluronics which insert into the bilayer can increase the structural integrity of the 
cell membrane, particularly with cells which have damaged membranes (Lee et al. 












Figure 2.5 Basic chemical structure of a Pluronic molecule which consists of a 
central hydrophobic polypropylene oxide (PPO) block with two hydrophilic 
polyethylene oxide (PEO) tail blocks. In the case of Pluronic F-68, m = 75 PEO 
units and n = 30 PPO units (adapted from Santander-Ortega et al. 2006). 
 
Optimisation of the hydrophilic/hydrophobic ratio and the PEO and PPO block 
lengths can result in the manufacture of Pluronics which meet the requirements for 
various research and commercial applications. Pluronic F-68 is a water-soluble 
copolymer which is commercially available as a surface active agent, or surfactant 
(Alexandridis and Alan Hatton 1995). The amphiphilic nature of the molecule makes it 
useful in this capacity, resulting in their widespread employment in industrial settings. 
Pluronics are also used as detergents, in dispersion stabilisation, as foaming agents, as 
emulsifiers, as lubricants, in the production of inks and cosmetics as well in protecting 
animal cells from shear stress in agitated bioreactors (Murhammer and Goochee 1990; 
Zhang et al. 1992). 
Pluronic triblock copolymers each have a distinct letter notation which varies 
depending upon the physical form they are in at room temperature. This part of the label 
signifying the particular Pluronic variant comes first and is as follows: ‘P’ for paste, ‘L’ 
for liquid and ‘F’ for flakes. Following this letter, the first one or two numbers signifies 
the approximate molecular weight of the core PPO block of the copolymer (x 300), and 
the last digit indicates the weight fraction of the PEO block (x 10) (Alexandridis and 
Alan Hatton 1995). Therefore, for example, Pluronic F-68 takes a flake form at room 
temperature, has a PPO block molecular weight of 1800 g/mol and 80% of the 
molecular weight of the copolymer consists of the polyethylene oxide tail blocks. 
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Pluronic F-68 has been known since the early 1960s to protect animal cells from 
mechanical damage in agitated and aerated bioreactors (Swim and Parker 1960; Runyan 
and Geyer 1963; Kilburn and Webb 1968). It has been reported that it reduces cell death 
in both non-aerated cultures with no liquid/gas interface and aerated cultures (Goldblum 
et al. 1990; Palomares et al. 2000) in a concentration dependent manner up to ~0.5g/L, 
above which the effect is not seen to increase (Chisti 2000; Zhu et al. 2008; Gallardo 
Rodríguez et al. 2011). It has also been shown by Jöbses et al. (1991) to achieve 
comparable levels of protection to serum at much lower concentrations. It has been 
demonstrated to achieve this in three ways: 
(i) Animal cells in bioreactors must be supplied with oxygen in order to survive. 
The simplest, most efficient and most commonly employed technique for 
maximising the mass transfer of oxygen to the cells is by bubbling (i.e. 
sparging) oxygen up through the cell culture from a sparger located near the 
interior base of the bioreactor. Pluronic F-68 is known to adsorb to the 
surface of these bubbles, limiting the extent to which the cells can adhere to 
the bubbles (Jordan et al. 1994; Michaels et al. 1995a). For Pluronic F-68 
concentrations of as little as 1g/L it has been shown that the bubbles 
essentially become saturated with the surfactant immediately after they leave 
the sparger hole (Jordan et al. 1994). 
(ii) Pluronic F-68 significantly reduces the surface tension of culture medium 
(Papoutsakis 1991; Jianyong et al. 1997; Chisti 2000). For example, 
according to the manufacturer, the surface tension of an aqueous solution 
containing 1g/L Pluronic F-68 measured at 25°C is 50 mN/m, a reduction of 
>30% compared to water at 25°C not containing the substance (BASF 
Corporation 2017). This, in turn, reduces the dissipation energy generated 
from bubble rupture events at the liquid/air interface, reducing the likelihood 
of the event inducing necrotic death in cells either attached to the bubble, 
drawn into the rising bubble’s wake or floating in close proximity (Dey et al. 
1997; Ma et al. 2004). It also increases the stability of the foam layer at the 
liquid/air interface (Handa-Corrigan et al. 1989), allowing more time for 






(iii) Pluronic F-68 also exhibits decreased levels of cell death in the absence of 
aeration, a foam layer or a liquid/air interface (Zhang et al. 1992). It has also 
been found that cells grown with 1g/L and 2g/L Pluronic F-68 which are 
exposed to laminar shear stress in the absence of a liquid/air interface using a 
cone and plate viscometer show increasing resistance to damage in a 
concentration-dependent manner (Goldblum et al. 1990). This strongly 
suggests that the protective effect of Pluronic F-68 also has a biological 
component to it and is not only physical in nature. 
The protective effect of Pluronic F-68 has been shown to be immediate in nature 
(Goldblum et al. 1990; Palomares et al. 2000), which discounts the possibility of the 
mechanism being a slow-acting biological (metabolic) one. The substance also reduces 
plasma membrane fluidity and it has been suggested that this makes the cells more 
resistant to shear (Chisti 2000). Unlike other members of the Pluronic family of 
polymers, it has been demonstrated that F-68 does not have a sufficiently long PPO 
block to insert into and fully traverse the lipid bilayer. Instead, the hydrophobic PPO 
block becomes inserted but only partially spans the cell membrane, enabling the 
hydrophilic PEO chains to form a lateral configuration across the external surface of the 
cell membrane which may have the effect of sealing defects that are present here 
(Firestone et al. 2003; Schulz et al. 2012). This incorporation of the molecule into the 
membrane may also serve as an explanation for the observed reduction in the fluidity of 
the plasma membrane and subsequent increased shear-resistance. 
The use of Pluronic F-68 has been largely sufficient in the past few decades in 
protecting mammalian cells from damage in large-scale bioreactors producing 
monoclonal antibodies. Additionally, as has been made clear in this section, the 
mechanism by which Pluronic F-68 protects cells from shear-induced damage is quite 
well understood. However, as discussed in section 1.1 of this thesis, problems 
associated with the use and efficacy of PF-68 have been highlighted in recent years as 
the scale-up of industrial mAbs production has resulted in ever increasing cell 
concentrations and product titers. As a consequence, there has been greater scrutiny on 
the level of effectiveness that another common culture supplement, bovine serum 






2.5.2 Fetal Bovine Serum 
In order to understand the context behind why bovine serum albumin is a widely-used 
supplement in modern mammalian cell culture, it is necessary to understand the 
historical usage of fetal bovine serum (FBS) as a shear protectant, of which BSA is a 
component. FBS is a by-product of the dairy industry and is the liquid fraction of 
bovine blood which remains after the blood cells, fibrin and clotting factors have been 
removed. The blood is extracted from bovine foetuses in commercial slaughterhouses 
through an aseptic process and is then transferred into sterile containers or blood bags 
before being allowed to clot. FBS contains a wide array of serum proteins, growth 
factors and hormones associated with successful cell culture outcomes. For decades it 
has been ubiquitous in industrial and academic mammalian cell culture applications as a 
growth supplement (Sigma Aldrich 2017a). However, since the turn of the century, with 
increased development of cell culture processes that result in human therapeutic 
applications, has come a greater emphasis upon the regulatory concerns associated with 
the use of FBS. As reported by Francis (2010), this has resulted in the development of 
serum-free culture media which are not supplemented with FBS, with the ultimate goal 
of developing media in which all of the various medium constituents are well-
characterised and their exact concentrations known. Advances in serum-free media have 
enabled high-density cell growth without serum addition. The advent of media 
formulations that do not contain serum has also resulted in the simplification of the 
downstream purification process, as undesirable animal components no longer need to 
be separated from the culture (Almo and Love 2014). 
Early investigations in the mid-1980s into the effects of FBS on animal cells in 
agitated and aerated cultures showed that the cells experienced higher growth rates 
when supplemented with FBS (Tramper et al. 1986; Handa-Corrigan et al. 1989; Ozturk 
and Palsson 1991). It wasn’t known with certainty at first whether this effect was due to 
the FBS mitigating cell death resulting from excessive mechanical shear or whether the 
FBS was directly stimulating improved cell growth (Papoutsakis 1991). However, no 
change in the growth rate was observed when the FBS was added to static cultures 
(Kunas and Papoutsakis 1989), suggesting the serum wasn’t influencing the growth rate 
directly. Soon after, the protective effect of FBS was demonstrated to take effect 





to a direct physical effect or a fast-acting biological effect rather than improving growth 
rates or a metabolic (slow-acting biological) effect (Michaels et al. 1995a).  
FBS was found to protect cells from damage in a concentration-dependent 
manner in both aerated and non-aerated conditions in the presence of shear (Kunas and 
Papoutsakis 1989; Ozturk and Palsson 1991; Michaels et al. 1995a). Additionally, 
freely-suspended CRL-8018 cells cultured long-term in the presence of FBS which were 
then exposed to laminar shear stress in the absence of a liquid/air interface in a Couette 
viscometer showed increased resistance to damage from shear stress (Michaels et al. 
1991). This suggested that the protection afforded to cells by FBS was at least partially 
due to a direct (biological) interaction with the cells rather than being solely the result of 
a change in the fluid mechanics of the medium (physical effect). Like several other 
known shear protectants, such as Pluronic F-68, FBS decreases cell-to-bubble 
attachment. However, it has a slower bubble film drainage time compared with Pluronic 
F-68, polyvinyl alcohol and methylcellulose with some cells becoming trapped in the 
thin liquid films formed when the bubbles reach the liquid/air interface in bioreactors 
(Michaels et al. 1995a). FBS also slightly increased foam layer stability in the culture 
medium (Michaels et al. 1995a; Michaels et al. 1995b), suggesting a partial physical 
role too in cultures with a liquid/gas interface. This research into the use of FBS as a 
shear protectant in cell culture led to an investigation into what specific component(s) of 
the serum were providing the protection to cells. BSA is the most abundant protein in 
FBS and thus was considered to be a strong candidate. 
 
2.5.3 Bovine Serum Albumin 
2.5.3.1 Molecule Description 
Bovine serum albumin is a water soluble, globular protein which is the most abundant 
protein present in FBS and typically makes up over 50% of the total amount of protein 
present (Quinlan et al. 2005), corresponding to about 4% of the total serum protein 
weight. BSA is a relatively large protein with a molecular weight of 66,430 Da and it 
consists of a single polypeptide chain comprised of about 583 amino acid residues with 
no carbohydrates (Hirayama et al. 1990). It forms the approximate shape of a prolate 





molecule is shown in Figure 2.6 as modelled by researchers at the University of 
Virginia in the United States. 
 
Figure 2.6 The crystal structure of the bovine serum albumin molecule as 
presented by the Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (RCBS PDB 2019).  
2.5.3.2 Use of BSA in Cell Culture 
As mentioned previously, FBS has historically played a critical role in cell culture 
methodology, acting as a provider of growth factors, hormones, attachment factors and 
important nutrients. This has made it essential in driving the successful establishment of 
a variety of permanent cell lines (Francis 2010). However, in recent years, the 
development of industrial-scale mammalian cell culture systems for the production of 
proteins such as mAbs used in pharmaceutical applications has led to the demand for 
stricter quality control. As reported by Merten (2002), this has challenged the use of 
FBS in culture media and raised issues over the batch-to-batch performance variability 
and risk of contamination posed by medium additives of animal-origin. As a result, 
demand grew to establish cell culturing protocols that used serum-free medium. 
As the major component of FBS, BSA was often added as a vital cell culture 
component in the early stages of the development of this serum-free media, as it was 
associated with successful outcomes in attempts to grow various cell lines in the 
absence of serum (Kan and Yamane 1982). Some of the functions of BSA in vivo are 





ligand binding and transport mechanism for several hydrophobic hormones and fatty 
acids and to act as a temporary storage site for amino acids (Ellmerer et al. 2000; Ahn et 
al. 2008). However, many of the physiological processes BSA participates in and the 
molecular mechanisms involved in these actions are not well understood (Francis 2010), 
and as BSA is an animal-derived product, there is an interest in illuminating the role and 
mechanics of BSA action in cell culture to expedite the development of chemically-
defined media containing only well-defined substances that are not derived from 
animals and have all of their exact concentrations known.  
 
2.5.3.3 BSA as a Shear Protectant 
Following the research discussed earlier that was conducted into the role FBS plays as a 
shear protectant in bioreactors in the late 80s and early 90s, this work was built upon 
when some subsequent investigations focused upon the BSA component of FBS and 
tried to determine whether or not it was responsible for these damage-mitigating effects. 
Although BSA is widely cited as a shear protectant, the body of research on this specific 
topic remains relatively small. Several early studies exploring this question suggested 
that BSA mitigates cell damage due to shear stress in a concentration-dependent manner 
in both sparged and non-sparged shake flasks which both had liquid/air interfaces 
(Hülscher and Onken 1988; Ozturk and Palsson 1991; Zhang et al. 1995). Like FBS, it 
was also found that BSA reduces cell-to-bubble adhesion and produces increased foam 
stability, allowing more time for cell drainage from the foam layer (Michaels et al. 
1995a; Michaels et al. 1995b). These studies by Michaels et al. suggest that BSA may 
play a physical role in protecting cells from shear stress by reducing the number of cells 
being trapped in the vicinity of bubble rupture events at the liquid/air interface and, 
thus, that BSA may be the key component of FBS which is responsible for its shear 
protection properties. However, it is unclear whether or not the protective effect of BSA 
is still observed in the absence of a liquid/air interface. One method for testing if BSA is 
functioning by means of a physical effect on the culture medium is to measure the 
dynamic viscosity and surface tension of culture medium that has been supplemented 
with the additive. Additionally, investigations into the efficacy of BSA as a shear 
protectant in the absence of a liquid/air interface can further illuminate whether or not 





As mentioned, BSA is known to function as a non-specific ligand binding and 
transport molecule. Thus, it is possible that BSA may operate as a shear protectant 
indirectly through a slow-acting or metabolic protection mechanism by serving a 
nutritional role. This may entail BSA increasing the rate of uptake of a molecule to the 
cell that increases the structural integrity of the plasma membrane. A key candidate 
molecule for this would be cholesterol, which, as reported by Barakat et al. (2006), is 
known to increase membrane viscosity in endothelial cells. Testing the efficacy of BSA 
as a shear protectant with and without the supplementation of cholesterol to the cell 
culture may clarify whether or not cholesterol is a significant player in the action of 
BSA. Additionally, BSA has a hydrophobic core and hydrophilic outer structure (Rawat 
et al. 2010) so it is possible that the BSA molecule is interacting directly with the cell 
by being drawn into the hydrophobic inner layer of the phospholipid bilayer of the 
plasma membrane. In this way, BSA could become incorporated directly into the 
membrane, increasing the structural integrity of the cell.  
One method for differentiating between a relatively complex, metabolic role 
which requires a specific interaction between BSA and a nutritional molecule and a 
simpler, direct hydrophobic/hydrophilic interaction between BSA and the plasma 
membrane would be to compare the relative effects of native and denatured BSA on 
cells undergoing shear. If BSA functions as a shear protectant through a complex 
interaction which is dependent upon the specific folded structure of the molecule, then 
any observed protective effect should be lost when the molecule is unfolded irreversibly 
through denaturation. The thermal denaturation process of defatted BSA has been 
investigated in detail by Giancola et al. (1997) using differential scanning calorimetry 
(DSC) with changing pH, ionic strength and sodium dodecyl sulphate (SDS) 
concentration and these measurements showed that the thermal denaturation was always 
irreversible regardless of the condition examined and that denaturation occurred within 
the range of approximately 50-60°C. When albumin is heated to 50°C or higher, it 
rapidly forms hydrophobic aggregates which do not revert to monomers upon cooling. 
At lower temperatures aggregation may also occur, but at relatively slower rates (Sigma 
Aldrich 2017b). 
As demonstrated by the literature discussed in this section, the potential use of 
bovine serum albumin in a shear protectant role in stirred tank bioreactors was 
investigated in depth from the mid-80s to the mid-90s. Research into the specific 





Papoutsakis, Kunas, Michaels and Chalmers. Their work was largely driven by the 
prevailing concern in the industry at the time that mammalian cells were highly 
susceptible to damage resulting from hydrodynamic shear stress. As mentioned earlier, 
this concern was later acknowledged to be somewhat overstated (Chalmers 1998). 
However, this period also coincided with growing regulatory concerns surrounding the 
use of animal-sourced products in the development of therapies approved for use on 
humans (Francis 2010). As a result, the focus of the research being conducted into 
candidate shear protectants largely shifted in the late 90s from bovine serum albumin to 
non-biological molecules like pluronic polyols, polyvinyl alcohol and polyethylene 
glycol. For this reason, most of the research discussed here on the use of BSA as a shear 
protectant does not extend beyond the 90s. 
 
2.5.3.4 Serum Albumin and the Glycocalyx Layer 
The glycocalyx is a layer present on the surface of prokaryotic (Costerton et al. 1981) 
and eukaryotic cells which consists of a layer of polysaccharides covalently linked to 
glycoproteins and glycolipids which are anchored in the cell membrane via 
transmembrane proteins which are in turn linked to the internal cell cytoskeleton 
(Herzog and Jacobs 2011). In animal cells, the majority of studies examining the 
structure of the glycocalyx in detail have focused upon the endothelial cell (EC) 
glycocalyx layer but it has also been documented in other cells such as epithelial cells, 
lymphocytes (i.e. NS0 cells) and CHO cells (Brown et al. 1981; Weinbaum et al. 2007; 
Datta et al. 2013). As reported by Stolberg and McCloskey (2009), the EC glycocalyx is 
manifested as a negatively-charged mesh of glycoproteins, proteoglycans, 
glycosaminoglycans (GAGs) and plasma proteins which are bound to the external 
surface of the cell membrane. GAGs are linear polydisperse heteropolysaccharides 
consisting of distinct disaccharide unit repeats. Different combinations of these unit 
repeats give rise to different types of GAGs, with the predominant types falling into one 
of the following GAG families: heparan sulfate, chondroitin sulfate and hyaluronic acid. 
The relative proportions of these different GAGs in the glycocalyx layer are largely 
dependent on the cell type and the local physiological environment (Zeng et al. 2012). 
The glycocalyx layer has many different functions, such as facilitating cell-to-cell 





dissipating fluid shear stress at a distance from the cell surface. It has also been 
suggested that shear stress acting upon the external surface of the cell is 
mechanotransduced through core proteins and GAGs in the glycocalyx layer to the 
cytoskeleton in order to illicit different responses within the cell in response to shear 
(Stolberg and McCloskey 2009). 
Research has shown that the glycosaminoglycan (GAG) components of the EC 
glycocalyx layer provide binding sites onto which blood serum proteins such as BSA 
adsorb (Osterloh et al. 2002; Tarbell and Pahakis 2006; Zeng et al. 2012) and it is also 
known that exposure to shear stress stimulates the incorporation of GAGs into the cell 
surface layer (Gouverneur et al. 2006). It has been shown that this interaction between 
albumin and the EC external surface layer is rapid, transient and may be influenced by 
the local protein concentration gradient existing within the vicinity of the cell (Osterloh 
et al. 2002). It has also been suggested that the adsorption of serum proteins to GAGs 
contributes to the structural stability and shape of the glycocalyx and that, furthermore, 
the overall stability of the layer is a product of the cross-linked mesh formed by the 
interaction between membrane-bound proteoglycans, plasma proteins like albumin and 
the GAGs heparan sulphate and chondroitin sulphate (Reitsma et al. 2007).     
The endothelial glycocalyx is rapidly shed and synthesized in response to 
changes in its local environment, enabling ECs to adapt to physiological variations as 
necessary. For example, a series of studies summarised by Zeng et al. (2012) describes 
how targeted removal of different components of the endothelial glycocalyx results in 
altered functional states of the glycocalyx layer with regards to permeability and 
mechanotransduction. Further to this, they describe how the endothelial glycocalyx 
layer is greatly diminished in disease states such as inflammation, atherosclerosis and 
septic shock. This indicates that the function of the layer is multi-faceted in nature and 
that more research is required in order to characterise it in more depth. In the context of 
this project, it is suggested that BSA may play a role in influencing how mammalian 
cells are affected by shear stress through a direct interaction with the glycocalyx layer 
on the cell. A possible technique for testing if this interaction is taking place is to 
quantify the amount of BSA that is associating directly with the cells using SDS-PAGE 






2.6 In Vitro Shear Application Techniques 
2.6.1 Introduction 
Having clarified the current level of understanding regarding the use of BSA as a shear 
protectant in mammalian cell culture and some of the experimental approaches that can 
be used to improve this understanding further, the next step is to develop a bench-top 
device for applying shear stress to NS0 cell culture samples with and without the 
supplementation of BSA in order to test the efficacy of the protein as a shear protectant. 
As previously discussed, when mechanical agitation and direct sparging are employed 
in stirred tank bioreactors it results in a complex fluid mechanical environment within 
the culture. The magnitude of shear stress that an individual cell is exposed to may vary 
broadly depending on its exact position within the tank and the particular instant in 
time. This makes it problematic to study the shear sensitivity of cells using the 
bioreactor environment as a shear model as it is difficult to compare different cell 
samples that have been removed from the culture for analysis and accurately estimate 
the shear magnitude and exposure time each random sample of cells has experienced. 
Additionally, the use of this model makes it impossible to differentiate between a 
protective effect that is afforded by an additive as a result of a physical mechanism or a 
biological mechanism. This is because of the presence of a liquid/air interface at the 
culture surface. For this reason, various in vitro devices have been developed that create 
a well-defined, laminar flow regime in order to investigate the effectiveness and method 
of action of shear protectants as well as the shear sensitivity of cells under different 
conditions. In these cases, the devices are assumed to produce steady, incompressible, 
fully-developed flow. This allows for the magnitude of shear stress being applied to the 
cells to be easily quantified compared to devices that create a turbulent flow regime. 
Studies examining the efficacy of various shear protectants using laminar flow 
shear devices have been conducted by Rajagopalan et al. (1988) as well as the in-depth 
investigations performed by Michaels and Papoutsakis (1991) and Michaels et al. 
(1991). Importantly, these devices allow for the investigator to test specifically whether 
or not a shear protectant functions through a biological protection mechanism as 
opposed to a physical one when the design does not incorporate a liquid/air interface 
(Michaels et al. 1991), as any physical effect on the medium can only provide 





applying laminar shear stress to cells in vitro are the use of either pressure-driven flow 
or shear-driven flow mechanical devices. Depending on the application, the cells may 
be exposed to shear stress while adhering to a surface (anchorage-dependent culture) or 
suspended freely the liquid medium (suspension culture).  
 
 
2.6.2 Pressure-Driven Flow: Parallel Plate Flow Chamber 
The most common device design that is used in subjecting cells to laminar shear stress 
using pressure-driven flow is the parallel plate flow chamber. Examples of the use of 
this device include the studies carried out by Krueger et al. (1971) and Wechezak et al. 
(1985) that studied the effect of shear stress on the cell morphology of bovine kidney 
cells and bovine carotid artery endothelial cells respectively. As explained by Munn et 
al. (1994), the chamber typically consists of one fixed plate placed parallel to a 
removable glass slide which may be coated with a layer of protein or a cell monolayer 
that is cultured on the slide under static conditions in advance of the experiment. The 
device produces a well-defined, quantifiable magnitude of wall shear stress at the glass 
slide boundary surface and is typically used to measure the effects of shear on a variety 
of cellular characteristics, such as binding, deformation and detachment at the boundary 
(Hochmuth et al. 1972) in addition to cell alignment and morphology (Tran-Son-Tay 
1993). 
The magnitude of the wall shear stress acting on the glass slide is, in part, 
dependent upon the size of a small gap existing between the parallel plates. A fluid, 
typically blood serum or culture medium, is pumped through the gap between the plates, 
washing over the cells. By altering the flow rate of the fluid, the magnitude of the wall 
shear stress can be increased or decreased as required. The wall shear stress at the glass 
surface is quantifiable as long as the flow rate does not exceed the Reynolds number 
above which the flow begins to transition from laminar to turbulent. This technique can 
be used to apply a constant shear stress to the cells if a constant flow rate is applied, or a 
variable flow rate can be used if it is necessary to apply an oscillating shear profile. 
Overall, the parallel plate flow chamber is by far the most widely used setup for testing 
the effects of shear stress on anchorage-dependent mammalian cell lines (e.g. 





microscopic observations to be easily made through the glass slide during operation as 
well as producing a constant wall shear stress (Tran-Son-Tay 1993). However, this 
design is not ideal for cells grown in suspension culture (e.g. the NS0 cell line used in 
this project), which are typically tested using shear devices that employ shear-driven 
flow.  
 
2.6.3 Shear-Driven Flow Devices  
2.6.3.1 Parallel Disc Device 
Similar to the parallel plate flow chamber, the parallel disc device uses two flat parallel 
surfaces with a fluid filling the gap between the discs (typically culture medium or 
blood serum depending upon the cell line being used). The basic geometry of this 
design is shown in Figure 2.7(a) and consists of one disc rotating at a fixed or variable 
rate while the other remains stationary. These devices can be utilised to subject cells to 
shear stress that are either in adherent or suspension culture. In the case of adherent cell 
lines, one of the discs typically has the cells cultured on its surface (generally the 
stationary disc) whereas in the case of suspension cell lines the cells are floating freely 
in the fluid filling the gap between the discs. When the rotating disc is moving, Couette 
flow exists in the gap between the discs in which the shear stress is uniform in the 
azimuthal and axial flow directions, driven by the motion of the disc shearing the layers 
of fluid immediately adjacent to its surface. The shear stress experienced by the cells in 
the gap varies in magnitude along the radial axis, with no shear being experienced at the 
centre point and the shear increasing as one moves radially outwards towards the edge 
of the discs. This is because the shear stress experienced at any given position near the 
disc surface is a function of the tangential velocity of that point on the disc (Tran-Son-
Tay 1993).  
In the case of adherent cells, it is possible to calculate the magnitude of shear 
stress that the cells are experiencing depending upon their radial position on the disc 
surface, assuming that the rotating disc is not moving at such a high speed that the flow 
is no longer laminar. This makes the device useful for testing the attachment strength 
threshold for adherent cells over a particular shearing range. For example, García et al. 





of IMR-90 fibroblast cells increased 10-20 times in magnitude when the cells were 
plated overnight in advance of the test on fibronectin surfaces. Sugimoto et al. (2017) 
also discusses using parallel discs to observe the migration of four different kinds of cell 
lines over the relatively low shear range of 0.5 - 1.5 Pa and found that, as the shear 
magnitude was increased, two of the cell lines tended to migrate in the downstream 
direction. However, as useful as this design can be for quantifying the level of shear 
adherent cells are exposed to, it is not possible to subject suspension cells to a uniform 
shear field using this technique.  
 
2.6.3.2 Cone-and-Plate and Concentric Cylinder Devices 
Cone-and-plate devices are another commonly used design for applying quantifiable 
laminar shear stress to cells in adherent or suspension culture. They are a slight 
variation on the parallel disc geometry which replaces the rotating disc with a disc that 
has a slightly conical surface, as illustrated in Figure 2.7(b) (for clarity, the cone angle 
shown in the illustration is not to scale). Typically, for commercial cone and plate 
viscometers, the cone angle falls somewhere between 0 and 8° (Tran-Son-Tay 1993). 
Additionally, it is important that the cone axis is oriented so that it remains parallel to 
the stationary plate surface throughout operation in order to avoid variations in the 
applied shear.  
Assuming the gap width between the cone and plate is small and the rotational 
speed of cone is not too high, this design produces a uniform shear field (Couette flow) 
throughout the fluid filling the gap such that the shear does not vary in the radial 
direction as it does with the parallel disc device. This makes it useful for shear tests 
involving the use of cells in suspension culture as the shear experienced by all the cells 
remains constant. Dewey (1984) reports using a cone-and-plate device to demonstrate 
that endothelial cells show significant, time-dependent changes in morphology in 
response to 0.8 Pa of applied shear. In another example, Blackman et al. (2002) uses a 
cone-and-plate device to simulate pulsatile flow in the human abdominal aorta and 
compares it to a time-averaged, steady laminar shear stress in order to demonstrate the 

























Figure 2.7 drawings representing the basic geometry of the (a) parallel disc device, 








Another slight variation of this geometry that is commonly employed to produce 
Couette flow is the concentric cylinder device. In this design, an inner cylinder is 
housed within a hollow, outer cylinder and a gap exists between the cylinders that is 
filled with a fluid. One of the cylinders rotates at a fixed speed while the other one 
remains stationary as shown in Figure 2.7(c). When the gap is very small, this geometry 
very closely approximates the flat, parallel plate geometry at any given position 
between the cylinders, resulting in Couette flow across the fluid filling the gap. As with 
the previous geometries that have been discussed, the fluid flow must remain laminar in 
order to produce a shear field that can be quantified in a straight forward manner. 
In summary, in order to subject a mammalian cell line in suspension culture 
(such as NS0 cells) to quantifiable magnitudes of shear stress, the ideal device geometry 
to employ is either cone-and-plate or concentric cylinders. Both of these designs 
produce uniform shear fields throughout the fluid in which the cells are suspended, 
making it far less problematic to directly compare different test samples when 
investigating the effects of a particular shear protectant. This information forms the 
basis for the design of the shear device that is developed in this research project, which 























Materials and Methods 
3.1 Introduction 
This chapter provides specific details on all of the materials and methods that were used 
during the development of the shear device that is described in Chapter 4 of this thesis. 
Specifics are also given here regarding the techniques that were used to store and adapt 
the test cell line (NS0) to suspension culture throughout the duration of the experimental 
phase of the project in addition to details on the formulation of the various culture 
media configurations used in testing. Finally, the experimental methods that were 
followed during the validation of the shear device are outlined here as well as details of 
the experiments that are discussed in the Results chapter. The primary function of this 
chapter is to serve as a source that can be consulted when further information is required 









3.2.1 Shear Device Materials 
As mentioned previously, the cell-contacting components of the shear device that 
composed the concentric cylinder and cone and plate geometries were fabricated using 
stainless steel 316L. The raw steel material used in their construction was sourced from 
Complete Stainless Engineering Ltd and Amari Ireland Ltd. The o-rings used to seal the 
inner cylinder end caps, the bearings and the gap between the end plates and the outer 
cylinder were made from non-reactive, autoclavable silicone rubber (Abbey Seals 
International Ltd). Stainless steel 316L mini-bearings housing the inner cylinder shaft 
were obtained from The Reliance Bearing and Gear Co. Ltd and the stainless steel 316L 
inlet/outlet nozzles were ordered from Stainless Fittings Ltd. 
Components that were not cell-contacting were not constrained by the same 
material choices. The shaft/motor coupling and the motor mounting piece were 
manufactured on site using raw sections of nylon and polyvinyl chloride (PVC) 
respectively. The gaskets used to create the boundary seal between the outer cylinder 
and the end plates were also made using polyvinyl chloride. Four 12mm diameter 
stainless steel 316L threaded screws and nuts (Maurice Doody Ltd) were used to fix the 
end plates and outer cylinder in position.  
 
3.2.2 Cell Line 
All cell work in this research project used NS0 cells, which are a mouse myeloma cell 
line. The cell line was originally sourced from Eli Lilly in Branchburg, USA by a 
research collaborator based at the Eli Lilly facility in Kinsale, Co. Cork. This particular 
cell line is in the parental state, which means that the cells have not undergone 
transfection with a gene that results in the synthesis or secretion of a product. This cell 
line is also glutamine synthetase deficient and thus requires the addition of glutamine to 
the culture medium in order to facilitate stable growth. 
The cells were initially grown in culture supplemented with 10% fetal bovine 
serum before a cell bank was created in which the cells were suspended in medium 





were stored in a liquid nitrogen dewar for the duration of the project and new vials were 
thawed as necessary when existing NS0 sub-cultures exceeded approximately 20 
growth passages. 
 
3.2.3 Culture Medium Components 
Throughout the project the parental NS0 cells were cultured in an industrial medium 
comprised of the following components: 
 Proprietary basal medium powder containing glucose, amino acids, minerals 
etc. (Gibco) 
 Hy-soy (Kerry Group) 
 500X iron chelate (Gibco) 
This medium formulation was supplemented with 1000X cholesterol lipid complex 
(CLC) (Gibco) and, because the parental NS0 cells do not contain the glutamine 
synthetase gene, GlutaMAX-l (Gibco) consisting of a 100X concentrate of 200 mM L-
alanyl-L-glutamine dipeptide in 0.85% NaCl. Bovine serum albumin (Gibco) and 
Pluronic F-68 (Sigma) were added to the medium depending upon the requirement for 
each experiment. All media was sterilised by running it through a 0.1µm 
polyethersulfone (PES) filter. 
 
3.2.4 Culture Medium Formulations 
Several stock medium solutions were prepared at regular intervals throughout the 
project containing different concentrations of BSA and Pluronic F-68. These were as 
follows: 
 Stock 1 - 0g/L BSA and 0g/L Pluronic F-68 (0% v/v CLC) 
 Stock 2 – 4g/L BSA and 0g/L Pluronic F-68 (0% v/v CLC) 





These stock solutions were mixed with different proportions as necessary in order to 
create solutions containing BSA concentrations in the range 0-4g/L and Pluronic F-68 
in the range 0-2g/L depending upon the experimental requirements. Media containing 
the required concentrations of BSA and Pluronic F-68 were sourced every 2-3 months 
over the course of approximately 2 years from collaborating researchers at Eli Lilly in 
Kinsale, Co. Cork, each time adding the supplements from a unique batch number. The 
bovine serum albumin Following this, all media was supplemented with 0.2% v/v 
1000X cholesterol lipid complex (unless otherwise stated) and 10ml/L of 100X 
GlutaMAX-l. The bovine serum albumin used throughout this project was regularly 
sourced 
The pH of the media was set at 7.0±0.1 using 6N hydrochloric acid (J.T. Baker) and 
the osmolality was measured and kept within the range 350-400mM/kg using an 
Osmometer (Advanced Instruments). All medium stock solutions and the 1000X CLC 
solution were stored in a refrigerator at 4°C. A 100ml bottle of GlutaMAX-l was 
aseptically divided into 6ml aliquots in 15ml centrifuge tubes and stored in a freezer at -
20°C for use throughout the project. 
 
3.3 Methods 
3.3.1 Numerical Models 
As discussed earlier, during the shear device development process it was necessary to 
simulate the flow conditions that would exist within the device in order to test the 
validity of the mechanical design and determine if it could produce a uniform shear field 
within the laminar range. Three-dimensional parametric models were created of two 
elements - one representative of the geometry and flow conditions present between the 
concentric cylinders and the other representing that of the cone and plate sections within 
the shear device - using STAR-CCM+, a multipurpose engineering simulation tool.  
This software enabled the generation of CAD models of the elements and 
physics and meshing continuums with which to simulate flow for the fixed inner 
cylinder tangential velocity of    = 0.05m/s (at r = R1), representative of flow within the 
laminar range as used in the shear experiments this project. The fluid (culture medium) 





mPa.s (based upon viscosity measurements described in the Results chapter) and a 
density of ρ = 998.2kg/m
3
 (assumed to be very similar to water). The flow was 
modelled as laminar because the Taylor number was predicted to be < 41.3 for the inner 
cylinder velocity being applied (based upon Equation 4.7) and the Reynolds-like 
number  ̃ was predicted to be < 0.5 for the flow between each cone and plate (based 
upon Equation 4.8).  
The internal volumes (the fluid) of each model were meshed using polyhedral 
cells and prism cell layers at the boundaries to accurately capture the flow 
characteristics at the solid surfaces of the shear device (310,896 and 138,477 cells 
respectively were used for the concentric cylinder and cone and plate elements). The 
outer cylinder and flat plate surfaces were represented by stationary no-slip walls and 
the inner cylinder and cone surfaces were represented by no-slip walls rotating about the 
central axis. The steady Navier-Stokes equations were solved using the STAR-CCM+ 
solver and the tangential velocity profiles for each model were plotted using line probes 
and exported for analysis. 
 
3.3.2 Shear Device Manufacture 
All components of the shear apparatus that required fabrication or customisation were 
produced manually in the workshop on site except for the concentric cylinders, which 
were outsourced to Cloone Engineering in Templemore, Co. Tipperary to have them cut 
to the correct length and diameters. All on-site lathe operations were carried out on an 
Excel Microcut BL-1230 (Excel Machine Tools, UK) and all milling operations were 
performed using an Optimum Opti F45 (Optimum, Germany).  
 
3.3.3 Cell Culturing Conditions 
NS0 cells were cultivated in suspension in single-use polystyrene tissue culture flasks 
with ventilation caps for maintenance of optimal CO2 concentration within the culture 
flask environment by passive diffusion. The growth surfaces of the flasks were 
hydrophobic for use with suspension cells and were pre-sterilised during manufacture. 





50ml working volume in T175 flasks over the course of several growth passages. Cells 
cultured for use in shear experiments were only used from subculture 5 onwards to 
allow the cells time to recover from the thawing procedure. Cells were incubated in a 
Memmert INC108 incubator at 37°C with no agitation. A 100% CO2 gas tank provided 
a constant supply to the incubator to maintain a 5% CO2/95% air mixture within the 
incubator environment, suitable for the growth of NS0 cells. The cells did not require a 
humid environment for growth, but were cultivated with passive humidity because other 
cell lines sharing the incubator did require this. 
 
3.3.4 Cell Freezing/Thawing 
Parental NS0 cells were stored in vials in an insulated liquid nitrogen storage vessel for 
usage throughout the experimentation phase of the project. Vial thaws were carried out 
as necessary to ensure a constant supply of cells for culture. In order to adapt a frozen 
sample to culture, a vial was removed from the storage vessel and placed in a water bath 
at 37°C for approximately 2mins in order to thaw the sample without thawing the 
dimethyl sulfoxide (DMSO). The contents of the vial were then quickly pipetted into a 
50ml centrifuge tube and centrifuged at 280g for 5mins. The supernatant was decanted 
off without disturbing the pellet and the cells were gently re-suspended in 10ml of pre-
warmed culture medium using a 5ml pipette. The contents of the tube were transferred 
into a T25 tissue culture flask and labelled ‘subculture 1’ or ‘P1’. A 500µl sample was 
removed for manual cell counting. A cell viability of  50% was expected for a 
successful thaw.  The flask was then placed in incubation at 37°C with a 5% CO2/95% 
Air supply, passive humidity and no agitation. 
 
3.3.5 Culture Medium Physical Properties 
3.3.5.1 Culture Medium Viscosity Measurements 
A Brookfield viscometer (Brookfield Viscometers Ltd, England) was used to measure 





RheocalcT software was used to operate rheological experiments with the machine. The 
viscometer was first calibrated using a calibrating fluid (silicone oil) of known viscosity 
that was provided with the instrument. The viscosity of the culture fluid was then 
measured over a range of shear rates from 25/s to 100/s in 25/s increments at room 
temperature (20°C +/- 0.1°C) in order to test the assumption that the culture medium 
behaved like a Newtonian fluid. 
To determine if the supplements caused a significant change to the viscosity or 
Newtonian properties of the medium, the test was repeated at the same temperature 
supplementing the culture medium with concentrations of BSA ranging from 0-4g/L 
and Pluronic F-68 concentrations ranging from 0-2g/L, both in 1g/L increments.  
 
3.3.5.2 Culture Medium Surface Tension Measurements 
The surface tension of various cell culture medium configurations was measured using a 
KSV CAM 200 contact angle and surface tension meter (KSV Instruments, Finland). A 
glass syringe (syringe tip diameter = 1.27mm) containing a sample of the culture 
medium was secured in place on the instrument and the camera focus was adjusted until 
a sharp image of the syringe tip was observed on the PC monitor using the software 
package linked to the instrument. The camera was set to record an image every 200 
milliseconds while a droplet was gently pushed out of the syringe tip and allowed to fall 
from the tip. By cycling through the recorded images, the final recorded image 
immediately prior to the separation of the droplet from the tip was saved. The software 
package then analysed this image to calculate the surface tension of the fluid using the 
Young-Laplace equation.  
The surface tension was measured for culture medium containing 10ml/l 
GlutaMAX, 0.2% v/v cholesterol lipid complex, native and denatured bovine serum 
albumin within the concentration range 0-4g/L and Pluronic F-68 within concentration 
range 0-2g/L. The syringe was rinsed out with deionised water in between each sample 
measurement. The average value from 5 independent droplets was recorded for each 






3.3.6 BSA Thermal Denaturation 
A highly concentrated BSA solution of 40g/L was produced and 5ml of the solution was 
removed and placed in a 15ml centrifuge tube. The tube was then placed in a water bath 
at a temperature of 100°C for 30mins in order to denature the BSA. Samples of the 
denatured BSA were then removed from the concentrate solution and supplemented into 
culture medium in order to produce medium concentrations of 1, 2, 3 and 4g/L for use 
in experiments with the shear device. 
 
3.3.7 Shear Apparatus Sterilisation 
Cell-contacting components of the shear apparatus needed to be sterilised between test 
cycles in order to maintain aseptic conditions. Any non-cell-contacting components 
which were not temperature resistant were removed prior to the device being placed in 
an autoclaveable plastic bag and sterilisation was carried out using a steam autoclave for 
15mins at 121°C under ~2 bar of pressure. 
 
3.3.8 Shear Experiments 
3.3.8.1 Dye Exclusion Technique  
The trypan blue dye exclusion technique was used in conjunction with a 
haemocytometer both for cell counting and for quantifying shear-induced cell damage. 
A homogenous sample approximately 500µl in volume was aseptically removed from 
the cell culture flask using a pipette and transferred to a non-sterile Eppendorf tube. A 
small portion of this sample was diluted in trypan blue to a total volume of 50µl in a 96-
well plate. The mixture typically consisted of 5µl of sample diluted in 45µl of trypan 
blue (i.e. a dilution factor of 10), but the dilution factor could be adjusted for ease of 
measurement depending upon whether the cell concentration was very low or very high. 
The diluted sample was gently mixed with a pipette approximately ten times to 
ensure mixture homogeneity and 10µl was injected under the cover slip onto each of the 





non-viable cells were then counted in each of the 2 grids. The total cell density (TCD), 
viable cell density (VCD) and the percentage of total cells that were viable (%V) were 
calculated using the following equations: 
 
 TCD                                
  
                           (3.1) 
   
 VCD                                      
  
                           (3.2) 
   
 %V      
   
       (3.3) 
   
 
Figure 3.1 An image of the haemocytometer used to measure the TCD and VCD of 
the cell samples and a zoomed-in diagram displaying the structure and dimensions 






3.3.8.2 Short-Term Shear Experiments 
NS0 cells suspended in culture medium (50ml volume) were subjected to short-term (0-
3hrs) shear tests under an aseptic laminar flow hood at room temperature using the shear 
device (see Figure 3.2). Two 500µl samples were removed immediately prior to shear 
and the TCD was calculated for each sample. The average of the two counts served as 
the pre-shear TCD. The 50 ml cell sample was drawn into a 50ml luer lock syringe and 
attached to the silicone tubing at the inlet port on the shear device. The shear device was 
positioned so that the outlet was the highest point on the machine above the work 
surface, allowing trapped air to escape as the syringe gradually pumped the sample into 
the device. When the entire sample had left the syringe, the shear device was returned to 
its default position and the outlet port was sealed to prevent air or culture medium from 
flowing in or out of the device.  
The power supply was then switched on to initiate the experiment, and the timer 
was started. Cells were exposed to shear stress for times ranging from 1-3hrs depending 
upon the experimental requirements. Following this, the power supply was switched off 
and the test sample was slowly withdrawn into the syringe and pumped back into the 
tissue culture flask. Two 500µl samples were removed and used to calculate the average 
post-shear TCD. The reduction in TCD was then determined for the test using the 
following equation: 
 
                      
                      
                     
         (3.4) 
 
The effect on the TCD of increasing shear stress exposure time, increasing shear 
stress magnitude, increasing BSA and Pluronic F-68 concentrations in the range 0-4g/L 
and 0-2g/L respectively and increasing CLC concentration in the range 0-0.8% v/v were 






Figure 3.2 An image of the experimental apparatus for the short-term shear 
experiments.  
 
3.3.8.3 Shear-in-Culture Experiments 
NS0 cell cultures supplemented with BSA concentrations of 0, 2 and 4g/L were 
prepared in advance of each experiment under normal growth conditions in a tissue 
culture flask in incubation. Cultures containing BSA were exposed to the relevant BSA 
concentration for at least 24 hours before the beginning of the experiments. Two 500µl 
samples were taken immediately prior to shearing in order to calculate the pre-shear 
TCD and dilute the culture as necessary to generate a starting TCD of 1x    0.1 
cells/ml.  
Under a laminar flow hood, the culture was pipetted from the tissue culture flask 
into the glass culture vessel of the shear apparatus and then pumped from the vessel 
through the inlet of the shear device using the peristaltic pump until the shear device 
was full. Pumping was continued until the entire circuit of the shear apparatus was filled 
with the culture. During the filling process the shear device was tipped at an angle so 
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that the outlet was the highest point on the device. This enabled any air trapped within 
the device to be pumped out through the outlet.  
The culture apparatus was transported into an incubator and the peristaltic pump 
was set to continue circulating the culture through the shear device at a constant flow 
rate. The inner cylinder of the shear device was set to rotate at a constant angular 
velocity corresponding to 0.25Pa of shear stress at 37°C (Figure 3.3). 
 
Figure 3.3 An image of the experimental apparatus for the shear-in-culture 
experiments. 
 
A culture working volume of 100ml was used for each experiment so that at any 
given time during testing the shear device was filled up to its 50ml capacity with the 
other 50ml being located within the culture flask and tubing. The pump rate was fixed at 
70rpm, corresponding to a flow rate that resulted in 1000 x 50ml flow cycles passing 
through the shear device in 24 hours. The working volumes and the flow rate were 
selected in order to provide a method of quantifying the time any given cell spent in the 
shear device during the experiment, corresponding to each cell spending approximately 





3.3.9 NS0 Cell Wash and Lysate Preparation 
Five different samples of NS0 cells were seeded at 0.5x10^6 cells/ml and cultured 
overnight, supplemented with BSA concentrations ranging from 0-4g/L in increasing 
2g/L increments. On the following day, 1x10^6 cells were removed from each of the 
five cultures and centrifuged for 5mins at 280g. The supernatant was removed and the 
pellets were gently washed/re-suspended in 100µl of culture medium containing 0g/L 
BSA. The samples were then centrifuged again at 280g for 5mins. The next supernatant 
was removed and saved as wash 1. This washing process was repeated to generate 
washes 2 and 3. The pellets were then lysed by incubating them on ice for 20mins in 
100µl of lysis buffer with added protease and phosphatase inhibiters. The lysates were 
then centrifuged at 13,300rpm for 15mins at 4°C. A Bradford assay was carried out on 
the lysates to standardise the protein concentrations in each sample. 
 
3.3.10 SDS-PAGE and Western blot 
The proteins in the samples were separated using Sodium Dodecyl Sulphate Poly-
Acrylamide Gel Electrophoresis (SDS-PAGE) with 4% stacking gels and 12% running 
gels. The proteins were then transferred by electrophoresis onto nitrocellulose 
membranes and stained with Ponseau S to observe the location of the protein bands of 
interest. The membranes were cut to size and washed by rocking in TBST (TBS 
containing 0.5% Tween 20) three times for a total of 15 mins, before being blocked for 
1 hour rocking in 5% (w/v) milk/TBST. They were then incubated overnight at 4°C 
rocking in 5% milk/TBST containing a primary antibody (rabbit anti-BSA diluted at 
ratio of 1:1000).  
The following day, the membranes were set rocking in 5% milk/TBST 
containing a secondary antibody for 1 hour. The lysate membrane was probed with 
mouse anti-actin (1:1000 dilution) overnight and probed with the secondary antibody 
the following day. Antibody-activated protein bands on the membranes were then 














The prime objective of this study was to develop a shear device capable of subjecting 
mammalian cells to damaging magnitudes of fluid shear stress so that it would be 
possible to investigate any damage-mitigating effects that bovine serum albumin has on 
the cells in a shearing environment. In this chapter, the rationale and design criteria 
forming the basis for each decision made throughout the development process for the 
device will be explained. Later in the chapter, details will be provided of the device 
optimisation process, the initial shear tests that were carried out to validate the 
performance of the device. Following this, in Chapter 5, the results of the experiments 







4.2 Shear Device Design Specifications 
The initial step taken in the shear device design process, which is outlined in Chapter 2, 
involves researching existing in vitro cell-shearing techniques in order to clarify the 
developmental approach taken in this project. Having completed this process, the next 
step is to devise the key functional requirements upon which the device design will be 
founded. These design specifications are listed as follows: 
 The device should be capable of subjecting mammalian cells floating freely in 
suspension in culture medium to quantifiable magnitudes of fluid shear stress in 
the absence of a liquid/air interface. Thus, the device should produce a well-
defined, laminar flow regime with a uniform shear field existing throughout the 
fluid. This would ensure that all cells within the device experience the same 
conditions and it would enable direct comparisons between different cell 
samples removed from the device for analysis. Also, the absence of a liquid/air 
interface makes it easier to test if the protective action of BSA has a 
physiological component to it, as physical protective effects can only manifest 
when such an interface exists. 
 The device should be able to generate sufficient magnitudes of laminar shear 
stress such that it would comfortably exceed the shear-damage threshold of the 
NS0 cells being used in this study without the flow field transitioning to 
turbulent.  
 In order to gain more insight into the effects of BSA in an environment that is 
more representative of its industrial usage, the device should also be capable of 
replicating the conditions that mammalian cells experience within stirred tank 
bioreactors while supplemented with BSA in the presence of continuous shear 
stress over long periods of time. Replicating these conditions using the uniform 
shear field produced by the device eliminates the issues associated with 
attempting to quantify the shear stress experienced by cells in the stirred tank 
model. This design specification requires that the NS0 cells should be 
maintained alive in continuous culture while being subjected to shear stress with 
the device for up to 24 hours at a time. It should also be possible to vary the 





that the level of damage can be increased or reduced depending upon the 
application. 
 As the device will be filled repeatedly with different cell culture samples during 
the shear experiments, it is critical that all cell-contacting surfaces within the 
device can be sterilised easily and effectively between test cycles. Thus, all cell-
contacting components must be manufactured using corrosion-resistant materials 
and the cell-contacting surfaces of these components need to be manufactured 
with a very smooth finish in order to minimise the risk of particles or 
contaminants collecting on the surfaces. 
 It should be possible to assemble and disassemble the device with relative ease 
in order to access and thoroughly clean the inside of the device periodically 
when necessary. However, all seams should remain airtight when the device is 
sealed in order to prevent contamination and the device should be able to hold 
sufficient negative and positive pressure so that it does not leak when pumping 
cell culture samples into or out of the device. 
Based upon these specifications, the first step in the design process was to 
decide upon a method for subjecting cells in suspension culture to a shear field that is 
relatively simple to quantify and remains uniform throughout the fluid in which the cells 
are suspended. As discussed previously, the most common technique for achieving this 
in vitro for suspension cells is by utilising a shear device that generates Couette flow. 
 
4.3 Couette Flow 
4.3.1 Planar Couette Flow 
The idealised geometrical configuration for the generation of planar Couette flow 
consists of two flat, infinitely long parallel plates with a fluid filling the gap between 
them. As seen in Figure 4.1, one of the plates (in this case the upper one) moves along 
the  -axis with a constant velocity   while the other plate remains fixed in place. The 
flow between the plates is unidirectional such that the only non-zero component of the 















Figure 4.1 A diagram describing a simple Couette flow configuration in which a 
fluid fills the gap (h) between two flat parallel plates. The upper plate moves along 
the  -axis with a constant velocity  , creating a viscous, shear-driven flow between 
the layers of fluid adjacent to the moving surface. The velocity   varies along the 
 -axis and is equal to   at      and 0 at     . 
 
For a viscous, incompressible fluid this results in a form of shear-driven fluid 
motion known as Couette flow. In order to satisfy the conditions necessary for Couette 
flow, it is assumed that the no-slip condition exists at the plate surfaces and that the 
flow between the plates is laminar (i.e. the velocity of the upper plate is not very great 
in magnitude). It is also assumed that no pressure gradient or gravitational field is acting 
upon the fluid. In this scenario, the Navier-Stokes equations simplify to 
 
    
   
   (4.1) 
   
where the spatial position   represents the perpendicular distance from the lower plate 
surface and the velocity distribution across the gap between the plates is given by     . 
This means that the velocity gradient 
  
  




     
    





fluid with dynamic viscosity µ where the shear stress      acting on the fluid particles 
filling the gap is represented by 
 
      
  
  
  (4.2) 
   
the result of this constant velocity gradient is a uniform shear field throughout the fluid.  
Geometries which very closely approximate the idealised configuration 
described above can be used to produce Couette flow in practice. Based upon the 
literature review conducted on in vitro shearing techniques and the design specifications 
discussed at the start of this chapter, it was decided that the shear device developed in 
this project would employ a combination of concentric cylinder (CC) and cone and plate 
(CP) geometries to achieve the generation of Couette flow within a sealed device that 
contains no liquid/air interface. This design is explained in more detail in the following 
sections. 
 
4.3.2 Circular Couette and Cone-and-Plate Flow 
The foundation for the design of the shear device developed in this project is based 
upon two concentric cylinders which share a common central axis where one rotating 
inner cylinder is housed within a stationary outer cylinder and a small annular gap exists 
between the CCs. Culture fluid fills this space between the CCs and when the inner 
cylinder rotates at low speeds, circular Couette flow is generated across the gap. 
Utilising CC geometry in isolation would result in regions of shear non-
uniformity at the cylinder ends due to edge effects. To counter this, the top and bottom 
surfaces of the inner cylinder have a conical shape with a small cone angle and the 
cylinders are enclosed by flat plates which produce cone-and-plate geometries at each 
end of the cylinders. Assuming the flow within the device is laminar, this design results 
in the generation of a uniform shear field throughout the culture fluid filling the gaps, as 
explained by Tray-Son-Tay (1993). A simplified diagram of the basic shear device 





shown in the diagram are not to scale as the gap in which the cells are sheared needs to 




Figure 4.2 Diagram describing the geometrical configuration of the shear device 
devised during the design phase. Included is an expanded view of the lower right 
section of the device in order to provide details of the notation used to represent 
different aspects of this geometry. For illustrative purposes, the relative 








This shear stress acting upon the fluid layers in the annulus between the CCs 
(     varies across the gap with radial distance   from the CC central axis when the 
dynamic viscosity (µ), angular velocity of the inner cylinder (ω) and the inner and outer 
cylinder radii (         respectively) remain constant, given by Tran-Son-Tay (1993): 
 
 
     
     
   
 
   
    
    
 (4.3) 
   
And the shear stress acting upon the fluid filling the gap in the CP sections (   ) 
is given by (Sdougos et al. 1984)): 
 




   
When   /   > 0.99, the cone angle is small (  < 0.05 rad) and there is laminar 
flow without Taylor vortices between the CCs, the variation of     with r approaches 
zero and the flow in the CC and CP sections very closely approximates Couette flow. 
The tangential velocity profiles across the fluid filling the CC and CP gaps, vθcc and vθcp 
respectively were used to theoretically verify that the design would produce the constant 
velocity gradients required to produce a uniform shear field. These profiles are given by 
Potter (2009) and Tran-Son-Tay (1993) respectively: 
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 In the case of the shear device designed in this project, Equations 4.3 and 4.4 
enable the magnitude of shear stress acting on the cells within the shear device to be 
easily quantified. This magnitude can also be varied predictably within the laminar 
range, assuming the fluid behaves in a Newtonian manner (i.e. fixed µ), by increasing or 
decreasing the angular velocity of the inner cylinder. Having established a method for 
quantifying the shear, the next step is to determine an appropriate upper limit for the 
level of shear stress the device should be capable of producing. 
 
4.4 Maximum Available Shear Stress 
If the inner cylinder is rotating too fast, toroidal (Taylor) vortices will begin to develop 
as the flow surrounding the CCs transitions from Couette flow to Taylor-Couette flow. 
The limit for laminar stability, and thus the maximum available magnitude of Couette 
shear that the shear device is capable of producing can be determined using the Taylor 
(  ) number, given by Tran-Son-Tay (1993): 
 
     







where   is the gap size between the cylinders (as shown in Figure 4.2),    is the 
tangential velocity of the inner cylinder and   is the fluid kinematic viscosity (      
in which   is the fluid density). Depending upon the value of the Taylor number, three 








        Laminar flow 
            Laminar flow with Taylor vortices 
       Turbulent flow 
 
 
Similarly, there is an upper speed limit for the inner cylinder beyond which the 
flow in the CP sections of the device will begin transitioning to turbulent. Sdougos et al. 
(1984) developed a dimensionless Reynolds-type parameter  ̃ which measures the ratio 
of the centrifugal forces to viscous forces in this scenario, given by: 
 
 
 ̃  
  
    
   
 (4.8) 
 
where the flow is laminar when  ̃     . Thus both the Taylor number and  ̃ must be 
considered in the device design. 
Based upon this, it can be seen in Figure 4.3 that, as the annular gap between the 
CCs decreases in size, the maximum magnitude of laminar shear stress that the device 
can generate increases (as calculated using Equation 4.7). However, decreasing this gap 
size also decreases the volumetric capacity of the device. Thus a trade-off exists 







Figure 4.3 Increase in maximum available laminar shear stress with decreasing 
gap width between the concentric cylinders when R2 is fixed at 0.08035m as 
predicted by Equation 4.7. Maximum available shear stress value for chosen gap 
width of 0.35mm is shown. 
 
One of the key design requirements for the shear device was that it should be 
able to subject mammalian cells to damaging magnitudes of shear stress. Specific data 
on the shear threshold of the NS0 cell line used in this project was not readily available 
in the published literature. However, published accounts do exist of shear-induced 
necrotic death thresholds for other mammalian cell lines. For example, Tanzeglock et 
al. (2009) report that CHO cells undergo necrotic death in simple shear flow at ~1Pa. 
Additionally, Petersen et al. (1988) demonstrate that CRL-8018 hybridoma cells 
experience damage and death in a Couette viscometer with laminar, well-defined shear 
within the range 0-5Pa. They also show that the levels of damage produced in the 
viscometer are comparable to that seen in spinner flasks. As the flow in spinner flasks is 
more problematic to quantify, this indicates that the viscometer can be used as more 
reproducible means of testing the shear response of cells. Similarly, Abu-Reesh and 
Kargi (1988) show that hybridoma cells grown in a continuous stirred tank bioreactor 
are damaged above ~5Pa of turbulent shear stress in a Searle viscometer.  





Based upon this investigation into the shear threshold of similar cell lines, a CC 
annular gap size   of 0.35mm was chosen for the device in order to allow for maximum 
shearing magnitudes in excess of 5Pa so that the device could be used with a variety of 
different mammalian cell lines if required. With this annulus size, the cone angle   in 
the upper and lower CP sections is fixed at 4.4 x 10
-3
 rad to create a uniform shear field 
throughout the fluid. Also, a relatively large volumetric capacity of 50ml was chosen for 
the device to allow for the incorporation of a culturing apparatus enabling the shearing 
of cells in continuous suspension culture (explained in further detail later in this 
chapter). The other device dimensions were subsequently tailored relative to these 
specifications, resulting in CC radii of R1 = 0.08m and R2 = 0.08035m respectively. 
 
4.5 Numerical Simulations  
To verify whether the results obtained by Equations 4.5 and 4.6 were reliable in 
predicting the velocity profiles across the annular gap between the CCs and the gap in 
each of the CP sections, a computational fluid dynamics (CFD) analysis of the flow 
fields within these sections was performed. Three-dimensional parametric models were 
created of two elements - one representative of the geometry and flow conditions 
present in the annulus between the CCs and the other representing the same conditions 
for the gap in the CP sections. The physics model assumed the fluid flow to be 
incompressible, steady and laminar and the segregated flow solver was used. The fluid 
(culture medium) was assumed to behave as a Newtonian fluid with a dynamic viscosity 
of   = 1.11 x 103 Pa.s (based upon culture medium viscosity measurements recorded at 
room temperature which are described in the Results chapter) and a density of   = 
998.2kg/m
3
 (assumed to be similar to water).  The internal volumes (i.e. the fluid) in 
each model were meshed using polyhedral cells and prism cell layers at the boundaries 
to accurately capture the flow characteristics at the solid surfaces contacting the fluid 
within the shear device. The finalised CC and CP models had 310,896 and 138,477 cells 
respectively. Images showing the geometry and mesh characteristics of the two models 









Figure 4.4 Screenshots from Star-CCM+ displaying the geometry of the elements 
created to simulate the fluid flow between the concentric cylinders (top) and cone 







Figure 4.5 Screenshots from Star-CCM+ displaying the mesh characteristics of the 
concentric cylinder element (top) and cone and plate element (bottom). Both 
meshed elements employ a polyhedral mesh in conjunction with prism layers at the 






Fluid motion was simulated for a fixed inner cylinder tangential velocity of    = 
0.05m/s (at     ) which represented flow within the laminar range. The fluid flow 
was modelled as laminar because the Taylor number at this velocity is predicted to be < 
41.3 for the flow between the CCs and the Reynolds-like number  ̃ is predicted to be < 
0.5 for the flow in each cone and plate section based upon Equations 4.7 and 4.8 
respectively. Additionally, the outer cylinder and flat plate surfaces are represented by 
stationary no-slip walls and the inner cylinder and cone surfaces are represented by no-
slip walls rotating about the central axis of the device.  
Using the line probe tool, the velocity profile in the   direction was plotted 
extending radially from the surface of the inner cylinder (R1) outwards from the 
cylinder central axis to the surface of the outer cylinder (R2), spanning the width of the 
gap   between the cylinders. The ratio of R1 to R2 for the shear device is > 0.99, 
satisfying the assumption that at any given position within the annular gap the geometry 
closely approximates flat parallel plates and thus produces Couette flow, as described 
earlier in this chapter. The probe recorded    at 40 positions spaced equidistantly across 
the gap. This was compared in Figure 4.6 with the velocity profile estimated using 
Equation 4.5 for the same 40 spatial positions along  . It was found that the profiles 
generated from both the numerical model and Equation 4.3 were very similar, deviating 
by an average of just 5 x 10
-4
m/s from each other at each position across the gap 
(maximum deviation of 1.6 x 10
-3
m/s).  
Another flow simulation was run with the numerical model of the cone and plate 
section of the shear device for the same fixed inner cylinder rotational speed as the 
concentric cylinder model (   at    = 0.05m/s). As with the CC model, a line probe was 
used to record the velocity in the direction of rotation of the cone (  ) across the gap 
between the cone and plate at a fixed radial position (  ). The velocity profile was 
generated by measuring    at 40 points spaced equidistantly along the probe. This was 
then compared to the profile generated using Equation 4.6 for the same 40 spatial 
positions, as seen in Figure 4.7. It was found that the profiles generated from both the 
numerical model and Equation 4.6 matched each other quite closely, deviating by an 
average of 2.1 x 10
-3
m/s from each other (maximum deviation of 3.4 x 10
-3
m/s). An 
example of the velocity vectors predicted by the numerical model of the cone and plate 
element are shown in Figure 4.8 for a tangential velocity (  ) of 0.035m/s at position    






Figure 4.6 Tangential velocity (  ) profile across the gap between the concentric 
cylinders when    of the inner cylinder at position   =0.05m/s (      > 0.99) as 
predicted by the CFD model and Equation 4.5. 
 
 
Figure 4.7 Tangential velocity (  ) profile across the gap between the cone and 
plate sections when    = 0.05m/s on the cone surface at position    as predicted by 






Figure 4.8 Velocity vectors across the gap between the cone and plate surfaces for 
a tangential velocity (  ) of 0.035m/s at position    on the cone surface. The 
vectors provide a visual map of the velocity profile across the gap, which very 
closely approximates the linear profile associated with Couette flow. 
 
4.6 Shear Device Manufacturing Process  
4.6.1 Material Selection for Cell-Contacting Components 
Following the specification of the device geometry, careful consideration must be given 
to the material selection for the cell-contacting components of the shear device to ensure 
that it is fit for purpose. The primary considerations in this selection process are as 
follows: 
 
(i) The concentric cylinder and cone and plate surfaces within the device that 
produce Couette flow must be manufactured to a high degree of accuracy so 
that they can produce a uniform shear field during device operation 
(ii) The device must be sterilised by autoclave at 121°C between shear tests in 





(iii) All cell-contacting surfaces within the device need to be manufactured with 
a smooth finish as rough surfaces are more conducive to accumulating 
contaminants 
(iv) It must be possible to disassemble and reassemble the device with ease so 
that manual cleaning of the components can be executed at regular intervals 
 
 The most commonly utilised cell-contacting materials in the biotechnology 
industry for large-scale mammalian cell culture are borosilicate glass and stainless steel 
316L as they are corrosion-resistant and can be sterilised with relative ease by autoclave 
(Fleming et al. 2001). The exception to this is in the case of modern, disposable 
culturing technologies in which the cell-contacting material is only used once before 
being discarded, such as the AMBR technology discussed in the Literature Review 
chapter (Sartorius 2019).  
 For the shear device, the use of borosilicate glass or a transparent plastic for the 
outer cylinder was initially considered, as having a transparent outer material would 
make available the possibility of using the particle image velocimetry (PIV) technique 
to directly observe the flow patterns within the shear device. This enables the 
experimental testing of the assumption that the flow within the device is laminar and 
unidirectional. However, the use of either material was considered to be impractical, as 
the means to produce the external cylinder using glass to the required tolerance standard 
were not readily accessible and the material is very vulnerable to cracking or shattering. 
Similarly, the fabrication of a plastic cylinder to the tolerance required is problematic to 
achieve on a lathe with a flexible material. Also, plastic components are vulnerable to 
accumulating contaminants and cannot be autoclaved between test cycles. As a result, 
stainless steel 316L was selected to produce the components making up the CC and CP 
sections of the device. This material is very dense and stiff which makes it easier to 
machine within a small tolerance on a lathe or milling machine. It also has a relatively 
small thermal expansion coefficient of 16.0 m/m°C (University of Chicago 2017), 
meaning that the shear device can be autoclaved at 121°C without the material 
expanding to fully fill the space within the device (eliminating the risk of the material 
warping). This also means that the device does not need to be entirely disassembled for 
each autoclaving cycle, which reduces the risk of inadvertently contaminating the 





 As the decision was taken not to implement the PIV technique for characterising 
the flow dynamics within the shear device experimentally, a series of tests were 
developed for investigating the effect of the shear device on NS0 cells directly, using 
biological outputs to verify that the device is capable of damaging cells and that there 
are no dead zones existing within the device. These experiments are detailed in sections 
4.11 and 4.13 of this chapter. 
4.6.2 Concentric Cylinders Manufacture 
Two Schedule 40 stainless steel 316L welded pipe sections each with a standardised 
outer diameter of 168.28mm and wall thickness of 7.11mm were purchased from Amari 
Ireland Ltd and used for the fabrication of the concentric cylinder components. As 
mentioned in the previous section, stainless steel 316L is a relatively heavy material 
with a density of ~8000kg/m
3
 (AK Steel 2017). Thus, using pipe sections with a narrow 
wall thickness for the manufacture of the cylinders significantly reduced the overall 
weight of the shear device while also minimising the material cost. However, it was also 
important that the wall thickness was not so small that it would make the pipe sections 
too flexible as this would create difficulties when attempting to precisely machine the 
pieces to size with a lathe.  
As the gap size between the cylinders must be very small (0.35mm) as shown in 
Figure 4.9, the most important consideration during the manufacturing process was that 
they had to be cut accurately to size with a smooth finish within a small tolerance. As 
the cylinders were the largest pieces being produced for the device and the most 
difficult to manufacture, the process of cutting them to size was outsourced to a local 
machine workshop that carried out this operation using a lathe capable of machining 
each specified dimension to a tolerance of ±20 microns. The outer and inner cylinders 
were cut to lengths of 240mm and 230.65mm respectively with the outer cylinder being 
longer because it is housed within grooves on each end plate (illustrated in more detail 
in section 4.6.4). Following this, the external radius of the inner cylinder was reduced to 
0.08m and the internal radius of the outer cylinder was cut to 0.08035m. The cylinder 
pieces were then given a mirror finish by turning them at a low rotational speed in the 








Figure 4.9 An image displaying the concentric cylinders when the shear device has 
been partially disassembled. The inner cylinder is free to rotate within the 
stationary outer cylinder, which is housed within grooves on the end plates. The 
upper end plate has been removed in this image.  
 
4.6.3 Inner Cylinder Cone Surfaces and Shaft 
The inner cylinder was enclosed on each end with stainless steel 316L discs which were 
machined using the lathe to produce slightly conical surfaces with cone angles of 4.4 x 
10
-3
 radians (0.25°). A 19mm diameter hole was drilled in the centre of each cone to 
accommodate the insertion of a drive shaft used to transmit power from the motor to the 
inner cylinder, as shown in Figure 4.10. A 1.5mm-deep square groove was cut into the 
rim of each of these holes to allow for the placement of 2mm diameter silicone o-rings 
which formed a seal between the discs and the shaft. A 1.5mm-deep square groove was 
also cut into the cone surface on each disc around shaft with an inner diameter of 24mm 
in order to house 2mm diameter silicone o-rings. These o-rings were used to form a seal 
between the cone and plate surfaces at each end of the inner cylinder and prevent the 








Figure 4.10 An image showing the insertion of the drive shaft into the top of the 
inner cylinder (left) and the mini bearing placement within the upper plate surface 
(right) which centres the shaft within the device, enables it to rotate freely and 
allows it to pass through the upper plate and connect to the motor. 
 
 In order to fit the cone surfaces onto the inner cylinder, the discs were machined 
on the lathe so that they also had a radius of 0.08m. Below the immediate surface of 
each cone, the disc diameter was reduced using the lathe by 1.9mm to allow for the 





with the inner cylinder outer surface. A 2mm-deep square groove was cut into this 
indentation to house a 3.5mm silicone o-ring which sealed the inner cylinder shut and 
kept the cones fixed in place. 
 The inner cylinder shaft was fabricated out of a stainless steel 316L bar that was 
cut to a length of 287mm so that it could pass through the inner cylinder and extend out 
through the top of the shear device. Each end of the shaft was reduced to a diameter of 
17mm so that the shaft could fit very tightly within the bearings with no space for 
lateral motion or vibration of the shaft during operation. The shaft passed through the 
holes in the cone surfaces and had a 1mm lip beneath the cones at each end that fixed 
the shaft in place within the cylinder. A 5mm hole was drilled through the shaft near the 
top to enable the insertion of a 5mm circular peg that allowed for the shaft to be coupled 
to the motor on top of the device. The coupling mechanism is described in more detail 
later in this chapter. 
 
4.6.4 Upper/Lower End Plates and Outer Seal 
The end plates used to produce the flat surfaces for the cone and plate sections were 
manufactured using square stainless steel 316L plates. The cell-contacting surfaces of 
each plate were faced off and given mirror finishes using the same technique applied to 
the cylinder pieces. Circular grooves were cut into these surfaces which had an inner 
radius of 0.08035m and a depth of 3mm in order to house the outer cylinder and 
stabilise it relative to the end plates. These grooves were 7mm wide so that they can 
also accommodate a silicone o-ring at each end of the outer cylinder. A pair of nylon 
gaskets was fabricated to compress each o-ring into the respective grooves and form an 
airtight seal between the outer cylinder and the end plates, as seen in Figure 4.11. The 
gaskets are screwed into the end plates to ensure that the o-rings are tightly compressed. 
Employing this form of seal allows for the device to be disassembled periodically with 







Figure 4.11 A diagram describing the gasket and o-ring seal used to ensure that the 
junction between the outer cylinder and the end plates remains airtight. 
 
4.6.5 Shaft/Motor Coupling Mechanism and Motor Mounting Piece 
The variable speed DC motor had to be mounted on top of the shear device directly 
above where the shaft extended out through the upper plate. It was important that the 
motor was fixed rigidly in place so that it could drive the inner cylinder up to speeds of 
~100RPM without inducing any vibration in the cylinder. This necessitated the design 
and fabrication of a robust mounting piece that could connect the motor to the shear 
device and comfortably withstand the output torque generated by the motor.  
 The completed mounting fixture is shown in Figure 4.12. To produce the piece, 
block of black nylon was first cut on the lathe into the shape of a hollow cylinder of 
outer diameter 81.4mm, inner diameter 40mm and length 91mm. Three holes were 
drilled into the bottom of the cylinder wall spaced equidistantly apart at 120° angles 
about the cylinder’s central axis and threaded to accommodate 5mm screws. These 
screws fit the mounting piece to the motor. Another three pairs of holes were then 





relative to the cylinder central axis. These holes align with the holes on the upper plate 
of the shear device and fit the mounting piece in position on top of the device. 
 
 
Figure 4.12 A series of images showing the mounting piece and describing how it is 
used to support the motor on top of the shear device. 
 
The inner cylinder shaft is connected to the motor using a coupling mechanism 
that was also produced on site, as seen in Figure 4.13. This was also initially cut to size 
on the lathe out of a piece of white nylon that was cut into a cylindrical shape of length 
50mm and diameter 35mm. A hole was drilled into the bottom of the cylinder to a depth 
of 25mm and a of diameter 17.5mm to fit the shaft and a 5mm slot was cut into the wall 
of the hollow cylindrical geometry that remained to enable the insertion of the 5mm peg 
near the top of the shaft. The peg fixes the shaft within the coupling piece so that when 







Figure 4.13 A series of images showing the design and placement of the mechanism 
fabricated to couple the inner cylinder shaft to the output shaft of the motor. 
 
A hole of diameter 25mm was drilled into the top surface of the cylinder to fit 
the gear on the motor output shaft. Three pairs of 2mm-diameter holes were drilled 
through the wall of the cylinder into the gear and these holes were threaded to enable to 
insertion of headless screws which fit the gear rigidly within the coupling piece. When 
the motor is switched on, the rotation of the motor output shaft is transmitted through 
the coupling piece to the shear device inner cylinder, allowing for the rotational speed 
of the cylinder to be controlled and varied. 
 
4.7 Assembled Device - Test Setup for Short-Term Shear Experiments 
Following the completion of the manufacturing process, the laminar shear device was 
assembled as shown in Figure 4.14. The device was designed so that it can operate 
independently in carrying out short-term shear experiments under a laminar flow hood 





culture (this setup is discussed in more detail in the later sections of this chapter). The 
NS0 cells can undergo short-term shear tests while not in culture for exposure times of 
up to a maximum of ~6 hours, which is approximately the length of time the cells can 
survive outside of normal incubator conditions and still be returned to incubation to 
continue growing. Thus, the short-term shear experiments are limited to 0-3 hours to 
minimise the possibility of the results being impacted by the prolonged period that the 
cells are removed from their optimal growth conditions in the incubator. The 
experiments are also carried out under a laminar flow hood (seen in Figure 4.14) in 
order to reduce the risk of the culture samples becoming contaminated. A peristaltic 
pump is used to transfer cell culture samples from the T-flask into the device through an 
inlet nozzle and a DC power supply is used to control the output speed of the motor.  
Following pre-sterilisation by autoclave in an autoclaveable bag prior to each 
test, the shear device is transferred to the laminar flow hood, remaining within the bag 
at all times until the flow hood is switched on. All necessary experimental components 
that cannot be autoclaved (such as the pump, motor and power supply) were sprayed 
down with a 70% isopropyl alcohol/30% autoclaved water mixture and subjected to 
high intensity, sterilising UV light using the UV lamp in the laminar flow hood for 
15mins in between each test. Under the flow hood, the motor was then screwed on to 
the top of the device and coupled to the shaft of the inner cylinder in order to prepare 
the device for operation. Further details on the test method for the short term shear 







Figure 4.14 An image of the assembled shear device as included in the 
experimental set-up used in the short-term shear experiments. The entire 
apparatus is kept under a laminar flow hood for the duration of each test to 
maintain aseptic conditions. 
 
4.8 Device Optimisation 
4.8.1 Motor Calibration 
Using Equation 4.3 it is possible to calculate the required rotational speed (ω) needed to 
generate the desired shear stress magnitude (τ) within the annular gap between the 
cylinders and the cone and plate sections. It was thus required to develop a means of 
measuring, controlling and adjusting this rotational speed of the inner cylinder in order 
to be able to subject the cells to a range of different fixed (and known) magnitudes of 
shear stresses.  
The shear device motor was driven using a DC power supply which had knobs 





maximum rated voltage of 24V and operated within the range 10-24V. The rotational 
speed of the inner cylinder could thus be increased by increasing the voltage supply 
within this range. In order to calibrate the rotational speed of the cylinder over this 
voltage range, the external section of the cylinder shaft was affixed with reflective tape 
and a laser tachometer was used to record the rotational speed of the shaft in RPM 
(revolutions per minute) for increasing 1V increments in the 10-24V range, where the 
rotational speed in RPM =     . The calibration was carried out after the device had 
been filled with water, which has a dynamic viscosity that is very similar to the culture 
medium used in the subsequent shear experiments with the device.  
As seen in Figure 4.15(a), the lowest achievable rotational speed was 45RPM at 
10V. The speed increased linearly as the voltage increased with an average increase of 
6.5RPM for every 1V increment. When comparing the consistency of this increase in 
rotational speed over each specific increment, the standard deviation of the individual 
RPM increases was 1.09RPM and the R
2
 value for the plot was 0.9988. The maximum 
achievable rotational speed with this motor was 136RPM at 24V. 
In order to achieve lower rotational speeds, a variable resistor could be fitted in 
series between the power supply and the motor. An analogue adjustment knob on the 
variable resistor could be used to increase or decrease the resistance to the flow of 
current travelling to the motor over the operating voltage range. This functioned like a 
dimmer switch for the motor output speed by altering the length of the resistive material 
that the current had to flow through in the circuit. 
 As the variable resistor was not calibrated to indicate a correlation between 
knob position and resistance, notches were marked around the knob to indicate its 
relative position from 0% load when the knob was positioned at the start point of its 
rotation to 100% load when the maximum available resistance was applied to the 
circuit. When the variable resistor exceeded a little more than 50% load, the resistance 
was too great and the cylinder was no longer able to rotate. Thus the lowest range of 
rotational speeds could be achieved when the resistor was set to 50% load. The motor 
was calibrated at this load over the 10-24V range in 1V increments, as seen in Figure 
4.15(b). Under these conditions, the motor began rotating at approximately 5RPM at 
13V and increased an average of ~3RPM for every 1V increase with a standard 
deviation of ~0.5V. The R
2









Figure 4.15 The motor calibration plots are displayed for (a) no load and (b) 50% 
load. The change in the rotational speed of the inner cylinder is shown as the 
voltage supply to the motor is increased from 10V to 24V in increasing 1V 









4.8.2 Seal Test 
Before the shear device could be used for experimental applications it was important to 
ensure that it could be sealed completely in order to prevent the possibility of 
contaminants entering the device and coming into contact with the cell culture during 
testing. Thus, it was necessary to test the effectiveness of the gasket and o-ring sealing 
design that had been developed for this purpose. 
The device was first fully assembled with the o-rings in place and gaskets 
screwed in position. A section of Biopharm silicone tubing was attached at both the 
inlet and outlet nozzles of the shear device. The peristaltic pump was attached to the 
tubing at the inlet nozzle and a pressure gauge was attached at the outlet nozzle - a 
positive pressure gauge for when the device was subjected to positive pressure and a 
negative pressure gauge for when the device was put under negative pressure. For the 
positive pressure seal test, the device was completely submerged in a water bath so that 
the location of any air leaks would be clearly visible.  
Air could be pumped into the device or withdrawn from the device using the 
peristaltic pump to generate different conditions of absolute pressure within the vessel. 
The device was placed under 200mbar of positive pressure for 24 hours and the absolute 
pressure reading on the pressure gauge was recorded every 8 hours. The same process 
was then repeated under 200mbar of negative pressure. During these tests, the inner 
cylinder was set rotating at 100RPM (a greater rotational speed than any setting used in 
the shear experiments) in order to investigate if the device remains sealed under harsh 
experimental operating conditions.  
It was found that the device was able to withstand the applied pressure 
conditions over the successive 24 hour period without a discernible change as measured 
by the pressure gauge and no air bubble leaks were observed when the device was 
submerged. All short term shear experiments were carried out at standard conditions of 
air pressure with no circulation. Thus, it was verified that the o-ring and gasket sealing 
technique was sufficient for maintaining an airtight seal and for holding pressure during 
the shear experiments. In order to adhere to good aseptic technique, it was decided that 
the peristaltic pump would be placed in series with the shear apparatus circuit at the 
inlet to the device for the shear-in-culture experiments so that the device would always 
be placed under positive pressure and not negative  pressure. This was to add an 





contents of the shear device would be forced to leak out of the device under positive 
pressure rather than there being a risk of contaminated air outside the device being 
drawn into the device if it were under negative pressure. 
 
4.9 Development of Shear-in-Culture Apparatus  
Following the creation of the shear device, the test setup was developed further to 
incorporate a culturing apparatus which could be connected to the shear device in order 
to maintain the NS0 cells in continuous growth during the long-term shear-in-culture 
experiments. The culture apparatus and the shear device were both designed so that they 
can operate normally at 37°C in the humid conditions that exist inside the incubator. In 
this way, it is possible to expose the cells to controlled shear while they are being grown 
in normal culturing conditions for exposure times exceeding those possible when the 
cells are sheared using the short-term test setup described previously. This replicates the 
conditions experienced by mammalian cells grown in stirred tank bioreactors in which 
they are exposed to continuous shear stress over long periods of time while growing. 
However, the shear apparatus produces a uniform shear field instead that is less 
problematic to quantify compared with the fluctuating shear conditions present in 
bioreactors. 
The culturing apparatus consists of a borosilicate Erlenmeyer flask in which the 
NS0 cells are grown as they are circulated continuously through the shear device. The 
flask can be connected externally to the shear device at the inlet and outlet nozzles. A 
silicone rubber stopper used to seal the flask and prevent the entry of contaminants was 
customised to add four access ports (shown in Figure 4.16) which are required for the 
following functions:  
 
(i) Outlet Port: a port to allow the cell culture to be pumped out of the culture 
vessel and into the shear device through the device inlet  
(ii) Inlet Port: a port to allow the cell culture to flow from the shear device outlet 
back into the culture vessel  
(iii) Filter Port: an access port that allows gas to passively diffuse into the culture 
vessel so that the CO2 concentration inside the culture vessel remains the 





(iv) Sampling Port: an access port enabling for the intermittent removal of 
culture samples for analysis using a pipette 
 
 
Figure 4.16 An image showing the location and purpose of each access point on the 
culture vessel used in the shear-in-culture experiments. 
 
 In order to test if the NS0 cell line could be grown successfully in the 
Erlenmeyer flask, an experiment was designed in which the growth curves were tracked 
for two different NS0 cell samples over the course of 72 hours – a test sample in the 
Erlenmeyer flask and a control sample in a standard T175 culture flask in which the 
cells are normally grown. In each case, the samples were seeded at an initial cell density 
of 0.5±0.1 x 10
6
 cells/ml at t = 0 hrs. Following this, the cell densities were measured in 
24 hr increments until a total of 72 hrs had elapsed, representing one full growth 
passage. The samples were not agitated during culture. At each increment, both the total 
cell density (TCD) and the viable cell density (VCD) were measured using the manual 
dye exclusion technique described in the Materials and Methods chapter. The results of 







Figure 4.17 Growth curves for NS0 cell samples cultured in both the culture 
apparatus (Erlenmeyer flask) and a standard T175 culture flask. The total cell 
densities (TCD) and viable cell densities (VCD) were measured at each 24 hr 
increment up to a total of 72 hrs. Error bars denote one standard deviation and 
each data point represents the average of n=2 replicate tests. 
 
As shown by the growth curves, the NS0 cell samples in the Erlenmeyer flask 
and the T175 flask grew at a similar rate over the 72 hr period. The total cell density of 
the sample in the Erlenmeyer flask was 94% that of the sample growing in the T175 
flask at t = 72 hrs. Additionally the proportion of cells that were viable in the 
Erlenmeyer flask after 72 hrs was 95%. These results suggest that any testing executed 
using the culturing apparatus in conjunction with the shear device are not affected by 
the use of the customised Erlenmeyer flask in place of a conventional plastic culture 
flask. 
 
4.10 Shear-in-Culture Experimental Setup 
The full experimental setup for the shear-in-culture experiments is shown in Figure 
4.18. The cells are continuously circulated from the culture flask through the shear 
device and back at low speed using the peristaltic pump. Peristaltic pumps are 





























continuous culture/media circulation applications as the pump does not contact the 
fluid, eliminating the risk of contamination (Byun et al. 2014). Biopharm silicone 
tubing is used to connect the culture flask to the shear device at the device inlet and 
outlet nozzles. This tubing is biocompatible, autoclavable and is designed with an ultra-
smooth inner surface to minimise the level of shear acting on the cells so that they are 
not damaged during transport.  
The humidity and 5% CO2 atmosphere within the incubator passively diffuses 
into the culture flask through the filter port. The motor power supply must be kept 
outside the incubator to protect it from the humidity. The CO2 is supplied to the 
incubator by a 100% CO2 tank which is regulated at 5% using a CO2 monitor that is 
built in to the incubator. During shear-in-culture experiments, the apparatus is 
periodically transferred a few feet away to a laminar flow hood for a few seconds so that 
cell samples can be removed aseptically through the culture flask sampling port using a 
sterile pipette. All of the cell-contacting components of the culturing apparatus are made 
of materials that can be sterilised by autoclave along with the shear device without the 









Figure 4.18 The experimental setup for the shear-in-culture experiments is shown 
in the form of (a) a schematic representing the full layout of the apparatus and (b) 
an image of the apparatus in operation. 
 
4.11 Cell Circulation Test 
An important step in the process of verifying that the shear apparatus was fit for purpose 
was to determine if the cells were able to pass freely through the shear device without 
sinking to the bottom or becoming trapped in circulating flow regions within the device. 
As mentioned previously, it was not possible to analyse the flow of individual cells 
within the device using particle image velocimetry because the outer cylinder had to be 
constructed using an opaque material. Thus, an experiment was devised to measure the 
total cell density of the cell culture at both the inlet and the outlet of the shear device to 
determine if this remained consistent at both locations over time as cells were circulated 
through the device. In order to recreate the conditions used in the shear-in-culture 
experiments (in accordance with the test conditions described in the Materials and 
Methods chapter), the rotational speed of the peristaltic pump was fixed at 75rpm and 






A NS0 cell subculture prepared with a total cell density of 0.5±0.1 x 10
6
 cells/ml 
was added to the culture vessel (Erlenmeyer flask) immediately prior to the beginning 
of the experiment. At t = 0mins, two 500µL volumes of the culture were extracted at 
both positions A and B (four volumes in total) in the flow circuit as indicated in Figure 
4.19 and the total cell density of each sample was measured using the manual dye 
exclusion technique (see the Materials and Methods chapter for details of this 
technique). Position A was located at the culture vessel and Position B was located at 
the oulet nozzle of the shear device. The total cell density from each pair of samples 
was averaged in order to improve the accuracy of the measurements. This process was 
repeated at 10min intervals over the course of 30mins in order to determine if the total 
cell density remained constant at both positions following repeated flow cycles through 
the device. The results of the experiment are shown in Figure 4.20. 
 
 
Figure 4.19 A diagram describing the experimental setup for the cell circulation 
test. The cell culture was pumped from the culture vessel through the shear device 
and back into the vessel in the direction of flow indicated by the blue arrows. Small 
culture volumes were extracted from the culture vessel (Position A) and at the 
outlet nozzle of the shear device (Position B) at each time increment in order to 
compare the total cell densities at each position over time. The experiment was 






Figure 4.20 Circulation test comparing the TCD of the culture samples at the 
beginning of the flow circuit (in the culture vessel) to the TCD near the end of the 
circuit (at the device outlet nozzle). The pump flow rate was fixed at 75RPM and 
the shear stress magnitude within the shear device was fixed at 0.25Pa. All values 
represent the average of n=2 experiments (each experiment using a unique culture 
sample) and the error bars indicate one standard deviation. 
 The average TCD at t = 0mins was 0.495 x 10
6
 cells/ml in the culture vessel and 
0.54 x 10
6
 cells/ml at the device outlet with standard deviations of 0.02 and 0.08 x 10
6
 
cells/ml respectively. At the final time point of t = 30mins, the average TCD was 0.48 x 
10
6
 cells/ml in the culture vessel and 0.485 x 10
6
 cells/ml at the device outlet with 
standard deviations of 0.03 and 0.06 x 10
6
 cells/ml respectively. At each 10min interval 
over the course of the 30mins, the average TCD at both positions did not deviate outside 
of the range 0.45-0.54 x 10
6
 cells/ml. These results indicate that the TCD of the culture 
samples remained consistent throughout the flow circuit during the operation of the 
shear device and that cells were able to pass through the shear device without becoming 
trapped. 
 
4.12 Estimate of Time Spent in Shear 
The design choice of employing a shear device that is distinct and separate from the 





the entire experiment experiencing relatively harsh levels of shear stress in the shear 
device. Instead, they are circulated continuously between the low-shear conditions in 
the vessel/tubing and the high-shear conditions in the device. Thus, it was necessary to 
develop a way to quantify the proportion of time during the experiment that the cells 
spend within the device. This enables direct comparison between different shear-in-
culture experiments and different cell samples extracted from the culture for analysis 
during the experiments. 
 Binomial distributions were generated to estimate the proportion of experimental 
time that any given cell spends in the shear device. These are types of discrete 
probability distributions which describe the number of times ( ) that a particular event 
successfully occurs following a sequence of repeated experiments. The following 
conditions must be applied before the distributions can be calculated: 
 
(i) The number of experiments ( ) is pre-determined 
(ii) Each experiment is independent from the others 
(iii) The results of the experiments must be binary in nature (i.e. occurrence of 
the event or non-occurrence) 
(iv) The probability ( ) of the event occurring remains fixed for every 
experiment 
 
 When all of these conditions are met then the variable   has a binomial 
distribution with parameters   and   which can be abbreviated as       . Applying this 
to the situation of discrete cells in suspension culture being circulated through the shear 
device, distributions were calculated which describe the probability of any given cell 
passing through the shear device   number of times following   50ml flow cycles 
through the shear device. The conditions for the distribution are met as follows: 
 
(i) The volumetric flow rate through the shear device can be controlled using 
the peristaltic pump, which makes it possible to calculate the flow rate 
required to achieve the desired number of 50ml flow cycles     through the 
shear device during the experiment. 
(ii) It is assumed that the cell concentration throughout the culture fluid remains 





so that any cell has the same probability of being pumped through the shear 
device during any 50ml flow cycle. 
(iii) For every 50ml flow cycle, there are only two possible outcomes: any given 
cell either circulates through the shear device or remains outside of the shear 
device. 
(iv)     The volumetric capacity of the shear device is fixed at 50ml. Thus, the 
probability   of a cell being selected to pass through the device during a 
particular 50ml flow cycle is determined by the combined total working 
volume of culture which exists in the culture vessel, the tubing and the shear 
device. For example, when the total working volume is 100ml, the 
proportion of the total working volume which is present in the shear device 
at any given moment is 50%. Thus, the probability of a cell passing through 
the shear device during any particular 50ml flow cycle remains fixed at 
     . 
 
 For the binomial distribution       , the probability of getting exactly   
successful occurrences of a cell being carried through the shear device following   
50ml flow cycles is given by the probability mass function: 
 
         (
 
 







        
 (4.10) 
 
and             . Equation 4.10 is known as the binomial coefficient and is 























Figure 4.21 Binomial distributions are shown which describe the probability of any 
given cell passing through the shear device   number of times following (a)   
  , (b)       and (c)        cycles. Following 10 cycles, there is a 95% 
chance that any cell will have spent 50±30% of the flow cycles passing through the 
shear device. This range narrows to 50±10% following 100 cycles and 50±3% 
following 1000 cycles. It is assumed that the total working volume within the 





Equation 4.9 was used to generate the distributions shown in Figure 4.21 for   
         and        50ml flow cycles, which shows how increasing the number 
of flow cycles provides a more accurate estimate of the number of flow cycles that a cell 
spends in the shear device.  
In order to increase the homogeneity of the randomised cell samples removed 
for analysis and enable direct comparison between different samples, a trade-off exists 
between maximising the number of flow cycles over the course of a shear-in-culture 
experiment and maintaining as low of a flow rate as possible so as not to interfere with 
the uniform shear flow mechanics being generated within the shear device. Over time, 
the homogeneity of the samples will increase with increasing number of flow cycles, 
meaning that samples removed at later time points in the experiment should be more 
uniform than those removed after the initial few time intervals.  
 
 
4.13 Initial Shear Experiments 
4.13.1 Increasing Shear Stress Magnitude 
Several sets of short-term shear experiments were initially carried out in order to study 
the operational performance of the shear device and to investigate the effect of shear 
stress on NS0 cells under different conditions. First, the cells were subjected to 
increasing magnitudes of shear stress in order to investigate if the device was capable of 
damaging the cells and whether or not any observed damage could be related to the 
level of shear stress being applied. NS0 cells were cultured normally in incubation for 
several days before 50ml samples were removed for testing. As shown in Figure 4.22, 
different cell samples were subjected to 0.5, 1.5 and 2.5Pa of shear stress and all tests 
lasted for 3 hours. For each shear stress value the tests were carried out with and 
without 1g/L BSA supplementation and 0.025g/L Pluronic F-68, as these medium 
configurations were representative of normal NS0 cell culturing conditions. The inner 
cylinder rotational speeds required to achieve the desired shear stress magnitudes were 
calculated using Equations 4.3 and 4.4 and cell damage was monitored by conducting 
cell counts pre- and post-shear in order to measure the reduction in the total cell density 





shear-induced cell damage (Smith et al. 1987; Petersen et al. 1988; Tanzeglock et al. 
2009).  The short-term shear experimental technique is described in more detail in the 
Materials and Methods chapter. 
 
 
Figure 4.22 The effect of increasing shear stress magnitude on TCD over the range 
0.5-2.5Pa with and without supplementation of 1g/L BSA. Each sample was 
subjected to shear stress for 3 hours. All values are the average of n=2 tests (each 
test using a unique cell sample) and the error bars indicate one standard deviation 
[student T-test: 1g/L BSA – p=0.007(*); 0g/L BSA – p=0.005(**)]. All samples are 
supplemented with 0.025g/L Pluronic F-68. 
 
A reduction in the TCD of the samples was observed at all shear stress 
magnitudes studied. At the lowest shear stress magnitude of 0.5Pa (with no BSA 
supplementation) an average TCD reduction of 27% was observed after 3 hours. This 
increased to 52% at 1.5Pa of shear stress and more than doubled to 58% when the shear 
was increased to 2.5Pa. The immediacy of the cell loss suggested that the cells were 
experiencing necrotic death due to shear stress rather than apoptotic death. A linear 






Supplementation of the samples with 1g/L BSA resulted in a small decrease in 
the number of cells lost at each shear level compared to the samples that were not 
supplemented with BSA. This decrease in the TCD reduction remained relatively 
consistent across the shear range studied, averaging 8.5% with a standard deviation of 
0.96%. In order to further verify the results shown in Figure 4.22, the increase in lactate 
dehydrogenase activity (LDH) of some of the test samples used in this experiment was 
also measured using a colorimetric assay. Cells release LDH into the extracellular space 
when they are damaged. Since LDH is a very stable enzyme, it is a valuable alternative 
to the dye exclusion technique in evaluating cell damage in response to excessive shear.  
For three of the samples that underwent shear, 200µl volumes were extracted 
and refrigerated at 4°C immediately prior to the shear test and immediately after the 
shear test. When all of the tests were completed, the LDH activity assay was executed 
using a standardised concentration gradient of the enzyme NADH (0, 2.5, 5, 7.5, 10 and 
12.5 nmol) as a control to verify that the reagents were working correctly. All standards 
and samples were run in duplicate in accordance with the kit instructions. Following the 
collection of the test data, the LDH activity values were normalised to represent the 
increase in activity per 10
6
 cells. This enables direct a comparison between the different 
samples. 
As seen in Figure 4.23, the standardised NADH controls show a linear 
relationship between concentration increase and absorption with an R
2
 value exceeding 
0.99 as shown on the plot. This indicates that the reagents involved in the reaction have 
functioned correctly. Figure 4.24 displays the results of the LDH activity assay. An 
increase in activity is seen as the samples are exposed to greater magnitudes of shear 
stress, indicating greater cellular damage. This trend is similar to the trend seen using 







Figure 4.23 Colorimetric assay for a predetermined concentration range of the 
enzyme NADH me*asuring absorption of light at a fixed wavelength of 450nm. 




Figure 4.24 LDH activity assay for NS0 cell samples exposed to shear for 3hrs at 
magnitudes 0.5, 1.5 and 2.5Pa. All test samples were supplemented with 1g/L BSA 





4.13.2 Increasing Shear Exposure Time 
The effect of shear stress exposure time on the total cell density of NS0 cell samples 
was also investigated, as shown in Figure 4.25. Different 50ml cell samples were 
subjected to a fixed magnitude of shear stress for periods of 1, 2 and 3 hours. A shear 
magnitude of 2.5Pa was selected as it was observed in the previous experiment to be 
relatively harsh (harsh shear conditions were necessary to illustrate any clear differences 
between the TCD reduction after 3 hours compared with shorter periods of time). 
Again, the shear tests were repeated with and without 1g/L BSA supplementation and 
0.025g/L Pluronic F-68 in order to investigate if BSA had any effect on the TCD 
reduction and if this effect varied depending on the shear exposure time. 
 
 
Figure 4.25 The effect of increasing shear exposure time on TCD with and without 
supplementation of 1g/L BSA. Tests were carried out for 1, 2 and 3 hours and each 
sample was subjected to 2.5Pa of shear stress. All values are the average of n=2 
tests (each test using a unique cell sample) and the error bars indicate one 
standard deviation [student T-test: 1g/L BSA – p=0.01(*); 0g/L BSA – 






When the samples were not supplemented with 1g/L BSA, there was an average 
reduction of 10% in the total cell density after 1 hour. The TCD was observed to 
decrease further for the samples that were exposed to shear stress for longer periods of 
time, reducing an average of 33% and 58% after 2 hours and 3 hours of shear exposure 
respectively. When the samples were supplemented with 1g/L BSA, the effect of shear 
on the TCD was reduced by an average of ~7% with a standard deviation of 2% for all 
exposure times when compared with the samples that were not supplemented with BSA. 
The mitigation of cellular loss as a result of BSA supplementation at different exposure 
times was similar in magnitude to the effect seen in the previous experiment when the 
exposure time remained constant and the shear stress magnitude was increased, 
suggesting that the magnitude of the effect was independent of both of these variables. 
The results shown here are supported by the findings of a collaborating researcher, Liam 
McNamara, who showed that the damage levels experienced by NS0 cells in baffled 
shake flasks rotating at high orbital shaker speeds increase with increasing exposure 
times (McNamara 2016). 
 
4.13.3 Effect of Pre-Shear TCD on Percentage Reduction in TCD 
NS0 cell samples were prepared with a range of different total cell densities and 
exposed to 2.5Pa of shear stress for 3 hours in order to investigate if the proportion of 
cells lost as a result of shear was dependent upon the pre-shear TCD. It was important to 
investigate this in order to determine whether or not results from different cell samples 
used in shear experiments would remain directly comparable to each other if they did 
not have the same cell concentration at the beginning of their respective tests. The effect 
of pre-shear TCD was studied for the relatively low TCD range of 0.5 – 1 x 10
6
 cells/ml 
and also for the relatively high TCDs of 2.5, 5 and 7.5 x 10
6
 cells/ml. Cell samples 
which exceeded the normal culturing densities (5 and 7.5 x 10
6
 cells/ml) were prepared 
by combining the cells from more than one culture into one test sample immediately 









Figure 4.26 The effect of pre-shear TCD on the percentage reduction in TCD over 
the normal experimental testing range (0.5 – 1 x 10
6
 cells/ml) and for relatively 
higher TCDs (2.5 – 7.5 x 10
6
 cells/ml). All samples were exposed to 2.5Pa of shear 
stress for 3 hours and each data point represents n=1 tests. 
As seen in Figure 4.26, the pre-shear TCD did not appear to have a significant 
effect on the proportion of cells lost as a result of shear, either over the low or high pre-
shear TCD range. The average TCD reduction was ~71% across all tests with a standard 
deviation of 2.5%. This result suggested that, over the TCD range, shear magnitude and 
shear exposure time studied, the pre-shear TCD did not have to remain strictly the same 
for every shear experiment. For convenience in later experiments, it was decided that all 
short-term shear tests would use operate using a pre-shear TCD between 0.5 and 1 x 10
6 
cells/ml. This was decided because a large volume of cells were required for each 
individual test which would take much longer to grow in advance if a higher pre-shear 
TCD was chosen. Operating within this rage also ensured that all cells used in shear 
tests remained in the logarithmic growth phase right up to the beginning of the test, 
removing the possibility of inadvertently comparing results from heterologous cell 











In Chapters 4 the development, optimisation and validation of a novel Couette flow 
shear apparatus is described. This chapter outlines how this device was utilised to 
investigate if bovine serum albumin functions as a shear protectant for mammalian cells 
in suspension culture when the cells are exposed to damaging magnitudes of laminar 
fluid shear stress in the absence of aeration or a foam layer on the culture surface.  
Additionally, the experiments in this chapter explore the specific mechanism(s) 
by which BSA operates. As discussed in section 2.4.3, the investigation into these 
mechanism(s) can be addressed by employing the framework originally established by 
Michaels et al. in (1991). Using this framework, the method of action of a supplement 
that functions as a shear protectant in cell culture can be categorised as either a physical, 
a slow-acting physiological or a fast-acting physiological mechanism. These categories 







Figure 5.1 Diagram illustrating the framework established to inform the 
experimentation stage of this research project. The experiments described in this 
chapter were designed to test whether or not any of these potential mechanisms of 
action are employed by BSA to protect cells from shear stress. 
 
The experiments detailed in this chapter are structured around the framework in 
Figure 5.1 and use a process of elimination to clarify the specific nature of the BSA 
protection mechanism(s). In Phase 1 of testing (section 5.2), experiments were 
conducted that analysed the physical properties of the culture medium (viscosity and 
surface tension) in the presence and absence of BSA supplementation in order to 
determine if BSA operates by a physical protection mechanism. Phase 2 built upon this 
work (sections 5.5 and 5.4) by investigating if BSA operates by a physiological 
protective mechanism involving a direct or indirect interaction with the cell. Finally, 
Phase 3 of testing (section 5.5) explored the possibility of a fast-acting physiological 






5.2 Culture Medium Physical Properties 
5.2.1 Effect of BSA and Pluronic F-68 on Culture Medium Dynamic 
Viscosity 
The first experiment of Phase 1 that was carried out was to measure the dynamic 
viscosity ( ) of the culture medium under several different conditions. These conditions 
are listed as follows: 
 
(i) To measure the dynamic viscosity of the culture medium at 20°C and 37°C 
so that Equations 4.3 and 4.4 could be used to calculate the shear stress 
being applied to the cells for both the short-term (room temperature) and 24-
hour (incubated) shear experiments. 
(ii) To determine if BSA had an effect on the dynamic viscosity of the culture 
medium, which could possibly suggest a turbulence dampening role for the 
supplement in bioreactor cultures agitated at high speeds. The effect of 
Pluronic F-68 was also measured as it was used in later shear experiments. 
(iii) The apparent viscosity of the culture medium had to be measured over a 
range of shear rates in order to investigate if the assumption was valid that 
the culture medium closely approximated the behaviour of a Newtonian fluid 
(required for the generation of Couette flow within the shear device). 
 
The viscosity of the samples was measured using a Brookfield viscometer which 
was fitted with an Ultra-Low Adapter that allowed for the measuring of very low-
viscosity fluids in the range 0-15mPa.s. The temperature of the samples was controlled 
using a water bath which circulated water through a thermal jacket that encapsulated the 
test samples in the viscometer cup. The temperature was monitored in real time using a 
temperature probe linked to the viscometer software package. Culture medium samples 
were prepared in advance that each had a volume of 16.1ml, which was the 
recommended volume required to maintain the viscometer spindle entirely submerged 
during the measurements. The samples contained BSA and Pluronic F-68 
concentrations ranging from 0-4g/L and 0-2g/L respectively in 1g/L increments in 





also supplemented with 0.2% v/v cholesterol lipid complex and 10ml/l GlutaMAX. 
These medium configurations were chosen because they represented the supplement 
concentration ranges that were intended for use in the shear experiments discussed later 
in this chapter. For more details on the dynamic viscosity measurement technique, refer 
to the Materials and Methods chapter. 
 In order for the viscosity measurements to be considered valid, it was required 
that the samples were measured at a shear rate which fell within a strict range that met 
two criteria. These criteria imposed an upper and lower limit upon the spindle rotational 
speed and are listed as follows: 
 
(i) The fluid flow within the cup had to remain laminar during each 
measurement 
(ii) The spindle had to be rotating fast enough so that the viscometer spring 
linked to the spindle registered a measured torque in excess of 10% of the 
maximum allowable spring torque 
 
Firstly, the dynamic viscosity of each sample was measured at the set 
temperatures of 20°C and 37°C, as shown in Figure 5.2. All measurements were taken at 
a fixed shear rate of 65/s, which was selected because it fell in the middle of the 
quantifiable shear rate range for all of the samples, which was approximately 20-105/s. 
Three replicate samples were measured for every medium configuration and the average 
value was computed for each. The average viscosity of the non-supplemented culture 
medium was recorded to be 1.11mPa.s at 20°C with a standard deviation of 0.02mPa.s. 
When the temperature was increased to 37°C the viscosity of the non-supplemented 
medium decreased to 0.82mPa.s with a standard deviation of 0.01mPa.s.  
Secondly, no measurable effect on the dynamic viscosity was observed that did 
not fall within the 0.03mPa.s margin of error of the viscometer when the culture 
medium was supplemented with concentrations of BSA in the 0-4g/L range. The same 
result was seen when the medium was supplemented with Pluronic F-68 in the range 0-
2g/L and also when 1g/L of both additives was added to the medium together. At 20°C 
the average viscosity of the culture medium across all eight medium configurations 
remained the same as the viscosity of the non-supplemented medium at 1.11mPa.s with 





observed to be the case at 37°C, which saw an average viscosity of 0.82mPa.s across all 
eight medium configurations with a standard deviation of 0.01mPa.s. 
 
 
Figure 5.2 The dynamic viscosity of the culture medium at (A) 20±0.1°C and (B) 
37±0.1°C for BSA and Pluronic F-68 concentrations in the range 0-4g/L and 0-2g/L 
respectively are shown. The combined effect of 1g/L of both BSA and Pluronic F-
68 is also shown. Each column represents the average value for n=3 samples that 
were measured and the error bars denote one standard deviation. All samples are 







Finally, in order to determine if the culture medium behaved like a Newtonian 
fluid, the apparent viscosity of the medium was measured over a range of shear rates 
within the quantifiable shear rate range. This was carried out at 20°C for all eight 
medium configurations shown in Figure 5.3 to investigate if BSA or Pluronic F-68 had 
an effect on the rheological properties of the fluid. The apparent viscosity was measured 
at a shear rate of 25/s and then recorded at increasing incremental steps of 25/s up to a 
maximum of 100/s, before being measured at decreasing 25/s increments back down to 
25/s again. These steps were pre-set to run automatically in series using the rheology 
software associated with the instrument. Every measurement was automatically 
recorded 15 seconds after the previous one to allow time for the spindle to change speed 
and resolve any resulting oscillating motion. This ensured that each reading was 
accurate. The shear rate sweep was carried out twice for each medium configuration 
using different samples each time. 
No measurable change in the apparent viscosity of the culture medium was 
observed when the shear rate was increased or decreased which did not fall within the 
operating margin of error of the instrument. This was the case for all of the medium 
configurations that were studied. As a result, the average of all of the configurations at 
each shear rate level was calculated and this data is shown in Figure 5.3. The average 
apparent viscosity across each shear sweep remained 1.11mPa.s, which was the same as 
the average viscosity shown in Figure 5.2 when the shear rate was fixed. The standard 
deviation between the measurements was 0.009mPa.s. These results indicate that neither 
BSA nor Pluronic F-68 mitigate cell damage in turbulent bioreactor environments 







Figure 5.3 The effect of shear rate on the apparent viscosity of the culture medium. 
The apparent viscosity was measured over a range of shear rate increments 
starting at 25/s and increasing up to 100/s before decreasing back down to 25/s. 
This was carried out over 25/s increments for culture medium containing BSA in 
the range 0-4g/L, Pluronic F-68 in the range 0-2g/L and 1g/L of each supplement 
added together. Each column represents the average value after two replicate 
samples of each of the eight medium configurations were measured. Error bars 
denote one standard deviation and all tests were carried out at 20±0.1°C. All 
samples are supplemented with 0.2% v/v CLC and 10ml/L GlutaMAX. 
 
The viscosity values recorded using the viscometer were used in the calculation 
of the theoretical velocity profiles that were predicted to exist within the shear device 
using Equations 4.5 and 4.6. Additionally, the readings were used to calculate the 
rotational speeds (   required to achieve different shear stress magnitudes within the 
device at both 20°C and 37°C in all of the shear experiments in this project. This process 
was made less complex by the finding that neither BSA nor Pluronic F-68 had an effect 
on the culture medium viscosity within the concentration ranges that were studied. The 
finding that the apparent viscosity of the culture medium did not vary measurably with 
changing shear rate indicates that the culture medium behaves like a Newtonian fluid. 
This validates the use of Equations 4.3 and 4.4 in calculating the shear stress being 






5.2.2 Effect of BSA and Pluronic F-68 on Culture Medium Surface Tension 
Having established that BSA and Pluronic F-68 have no measurable effect on the 
dynamic viscosity of the culture medium within the concentration ranges studied and 
thus cannot play a turbulence dampening role in bioreactor cultures agitated at high 
speeds, the effect of these supplements on the surface tension of the culture medium 
was investigated. Individual samples of the culture medium were prepared in advance 
which contained supplement concentrations ranging from 0-4g/L BSA and 0-2g/L 
Pluronic F-68 in 1g/L increments and a mixture of 1g/L BSA and 1g/L Pluronic F-68. 
As with the experiment measuring the culture medium dynamic viscosity, this selection 
of medium compositions was chosen because they encompassed the range used in the 
subsequent shear experiments. All samples were also supplemented with 0.2% v/v 
cholesterol lipid complex and 10ml/l GlutaMAX so that the medium composition was 
the same as the composition used in the shear experiments. 
 A KSV CAM 200 contact angle and surface tension meter was used to measure 
the surface tension of the medium samples. A small volume of each sample was drawn 
into a glass syringe and droplets were produced at and allowed to fall from the syringe 
tip. A camera then recorded images of the droplets at the moment that they separated 
from the tip and the software associated with the camera was used to analyse the images 
and calculate the surface tension of the droplets using the Young-Laplace equation. For 
each medium configuration, five individual samples were drawn into the syringe and 
used to generate droplets. Thus, the results of the experiment shown in Figure 5.4 
display the average of five tests for each value. Details of the surface tension 







Figure 5.4 The surface tension of the cell culture medium when the medium is 
supplemented with BSA and Pluronic F-68 concentrations in the range 0-4g/L and 
0-2g/L respectively as well as 1g/L of each supplement together. Each value is the 
average of n=5 replicate tests and error bars denote one standard deviation 
[student T-test: 4g/L BSA – p=0.0003 (*); 2g/L PF-68 – p=0.0000002 (**)]. All 
samples are supplemented with 0.2% v/v CLC and 10ml/L GlutaMAX. 
 
The surface tension of the culture medium was observed to reduce slightly as the 
BSA concentration was increased. The surface tension of the culture medium without 
supplementation was 71.67mN/m. This was observed to drop slightly to 69.35mN/m 
after addition of 1g/L BSA, 96.8% of the non-supplemented reading. When the 
concentration was further increased, the surface tension was seen to reduce at a more 
gradual rate. At the maximum concentration tested here (4g/L BSA) the surface tension 
lowered to 67.37mN/m, 94% of the value for medium that did not contain any BSA. 
This finding that BSA reduces the surface tension of culture medium is further bolstered 
by the work conducted by Liam McNamara showing that BSA increases the stability of 
bubbles formed in baffled shake flask cultures containing 1g/L BSA (McNamara 2016). 
In contrast, when the medium was supplemented with only Pluronic F-68 a large 





or 77% of the reading observed for the non-supplemented medium. However, further 
increasing the PF-68 concentration to 2g/L did not result in a significant change to the 
surface tension, with a recorded reading of 54.57mN/m. Supplementing the medium 
with 1g/L each of both BSA and PF-68 resulted in a surface tension of 55.136mN/m, 
very similar to that of medium containing concentrations of PF-68 of 1g/L or greater 
with no BSA supplementation.  
These results suggest that by reducing the surface tension of the culture medium, 
both BSA and Pluronic F-68 may play a damage-mitigating role for mammalian cells in 
agitated cultures that have sparging or a foam layer. This effect would be achieved 
through a physical protection mechanism that operates by allowing cells that are trapped 
on bubbles or in the foam layer on top of the culture more time to drain back into the 
main body of the culture before being damaged by bubble rupture events. The results 
also suggest that the effect of >1g/L Pluronic F-68 on the surface tension of the culture 
medium masks the effect of BSA when they are present together. 
 
5.2.3 End of Phase Conclusions 
Following the experiments carried out examining the physical properties of the culture 
medium when supplemented with BSA it was concluded that BSA does play a 
turbulence dampening role and thus is not able to mitigate the shear-damage 
experienced by cells when turbulence is present in the culture. However, a small 
reduction in the surface tension was observed with increasing BSA concentration. This 
indicated that BSA may mitigate the shear-damage experienced by cells cultured in a 
vessel containing sparging or a liquid/air interface containing by means of, at least 
partially, a physical protection mechanism. These conclusions are valid within the 
concentration range 0-4g/L BSA. The updated framework in Figure 5.5 summarises the 
progress made in investigating the potential BSA protection mechanism(s). The next 
phase of experimentation involved testing if BSA also operated by slow-acting or fast-
acting physiological protection mechanism in addition to the physical mechanism 







Figure 5.5 An updated framework outlining the potential BSA protection 
mechanisms following Phase 1 of testing. These first experiments concluded that 
BSA does not play a turbulence dampening role but does function as a surfactant 
that reduces the surface tension of the culture medium. This established a physical 
protection mechanism for BSA. 
 
 
5.3 Effect of BSA on Mammalian Cells in Culture 
5.3.1 Effect of BSA on NS0 Cells Cultured for 24hrs Under Continuous 
Shear  
Having observed that BSA likely mitigates some of the damage experienced by 
mammalian cells through a physical protection mechanism in cultures that used 
sparging or had a foam layer, the next phase was to investigate if there was an 
additional physiological component to the protective effect afforded to mammalian cells 
by BSA. In order to differentiate a physiological protective effect from a physical 
protective effect it was necessary to test the performance of BSA under shear conditions 
which excluded the presence of sparging or a foam layer.  
With this in mind, a series of experiments was undertaken in which NS0 cells 
were subjected to prolonged laminar shear stress while in continuous culture for periods 





described in Chapter 4. During operation, the shear device subjects the cells to a 
uniform shear field in the absence of sparging and the culture vessel connected in series 
with the device does not produce a foam layer on top of the culture. The use of this 
apparatus enabled us to replicate the conditions present in stirred tank bioreactors in 
which the cells are subjected to shear stress within the bioreactor environment over 
prolonged periods of time in the presence of BSA supplementation. 
Unique culture samples 100ml in volume with total cell densities of 1±0.1 x 10
6
 
cells/ml were prepared in advance of the shear experiments which contained 
concentrations of 0, 2 and 4g/L BSA. Control samples were also prepared containing 
the same BSA concentrations which were each allowed to grow in the culture vessel of 
the apparatus for 24hrs without being circulated through the shear device. During the 
shear experiments, the shear device was set rotating at a fixed speed that corresponded 
to the generation of 0.25Pa of laminar shear stress within the device when the culture 
samples were maintained at the fixed temperature of 37°C within the incubator. The 
shear stress was set at this relatively low magnitude so that any differential effect 
between the BSA concentrations could be highlighted over the entire 24hrs without all 
of the cells undergoing necrotic death prematurely.  
For each of the experiments, the total cell density of the samples was recorded 
immediately prior to them being transferred into the Shear-in-Culture apparatus at time 
   hrs. Over the following 24hrs, two 500µL samples were extracted from the culture 
vessel through the sampling port using a sterile pipette every 6 hours in order to 
measure the total cell density at each time interval. The technique underlying the shear-
in-culture experiments is explained in further detail in the Materials and Methods 









Figure 5.6 The protective effect of BSA on NS0 cells that are in continuous culture 
for 24hrs in the shear apparatus. The effect is compared for BSA concentrations of 
0, 2 and 4g/L when the samples are subjected to laminar shear stress continuously 
for 24hrs (test samples) and when they are not subjected to shear (control 
samples). Error bars denote one standard deviation calculated from n=2 replicate 
tests. 
 
 After 24hrs, the level of cell loss was mitigated for the sheared samples in a 
manner which was dependent upon the BSA concentration present in the cultures. The 
TCD was reduced by 82% over the 24hrs when the medium contained 0g/L BSA 
compared with an average increase of 65% for the 0g/L BSA control samples. In 
contrast, an average TCD increase of 6% was observed for the sheared cultures that 
were supplemented with 2g/L over the same length of time. This was in comparison 
with a 78% increase in the TCD at the same BSA concentration when the cells did not 
experience shear. Finally, a TCD increase of 55% was seen following 24hrs of shear 
when the cells were supplemented with 4g/L BSA, which compared with a 76% TCD 
increase experienced by the 4g/L BSA control samples.  
 These results indicated that BSA provides protection from laminar shear stress 
to cells in culture and that the protection mechanism likely has a physiological 
component in addition to the partial physical component suggested by the experiments 





stress is supported by the finding by a collaborating researcher, Liam McNamara, who 
showed that BSA does not affect the growth rate of NS0 cells when they are grown in 
standard, non-baffled shake flasks (i.e. in the absence of shear stress) (McNamara 
2016). Before examining whether this physiological protective effect was fast-acting or 
slow-acting in nature, we wanted to investigate if BSA enhanced the ability of the NS0 
cells to recover from shear stress while in culture. 
 
5.3.2 Effect of Intermittent Shear on NS0 Cell Growth Rate in the Presence 
of BSA 
Having established that BSA mitigates NS0 cell loss resulting from laminar shear stress 
while the cells are in continuous culture, the next experiment was designed to determine 
if this protective effect was a consequence of the supplement improving the ability of 
the cells to recover from shear-induced damage during growth. This hypothesis was 
tested by supplementing NS0 cell cultures with 0, 2 and 4g/L BSA and monitoring their 
growth rate over one standard culturing passage (approximately 4 days under normal 
incubation conditions) while the cells are subjected to intermittent laminar shear stress. 
As seen in Figure 5.7, a shear magnitude of 2.5Pa was applied to the cells for 60mins at 
two time points during the culturing passage -   24hrs and   72hrs. The comparative 
growth rates of the samples were then examined over three time periods: 
 
(i) Pre-shear period (0-24hrs) 
(ii) Shear recovery period 1 (25-72hrs) 







Figure 5.7 The effect of 0, 2 and 4g/L BSA on the growth rate of NS0 cells over one 
full culturing passage when the cells are intermittently subjected to harsh laminar 
shear stress of 2.5Pa for 60mins at the time intervals   24hrs and   72hrs. Each 
growth curve represents the average of n=2 replicate tests and error bars denote 
one standard deviation. 
 
In the pre-shear period, the cultures containing 2g/L and 4g/L BSA maintained 





while a slightly lower average growth rate of 0.02x10
6 
cells/hr  was observed when the 
cultures were supplemented with 0g/L BSA. Following the first period of shear 
exposure, the cells in the 2g/L and 4g/L BSA cultures that did not undergo necrotic 





cells/hr respectively during shear recovery period 1. However, a slower 
average growth rate of 0.05x10
6 
cells/hr was observed for cultures that did not contain 
BSA. After the second shear exposure period, cells growing in 2g/L BSA and 4g/L BSA 













These results indicate that supplementing the NS0 cell cultures with 2g/L BSA 
leads to higher growth rates than when the cultures do not contain BSA but that 
increasing the BSA concentration to 4g/L does not result in significantly improved 
growth rates compared with 2g/L BSA supplementation. The cultures containing 0g/L 
BSA maintained a consistently lower average growth rate compared with the combined 
average growth rate of the cultures containing 2g/L and 4g/L BSA. This rate was 15% 
lower during the pre-shear period, 25% lower during shear recovery period 1 and 20% 
lower during shear recovery period 2. This may be the result of slightly increased levels 
of clumping amongst cells that are not supplemented with BSA. 
 
5.4 Investigation into Potential BSA Physiological Protective Effect 
5.4.1 BSA Supplemented 24 hours Pre-Shear versus Immediately Pre-Shear 
Having established that BSA provides a physiological protective effect to cells in 
culture and that this effect does not appear to manifest itself by improving the ability of 
the cells to recover from shear stress, the next step was to determine whether the 
physiological effect was fast-acting or slow-acting in nature. The method for 
determining this was to compare the protective effect of BSA on cells in the presence of 
shear stress when the BSA is supplemented to the culture immediately prior to shear 
and when it is supplemented to the culture a relatively long time in advance of shear 
(24hrs).  
This investigation was carried out through a series of experiments utilising the 
Short-Term Shear Test experimental setup described in section 3.3.8.2 as it was not 
required that the cells remained in culture during these experiments. Separate 50ml NS0 
cell culture samples were grown in advance of the tests up to total cell densities of 
between 0.5 x 10
6
 and 1 x 10
6
 cells/ml. These cells were then transferred into new 
culture medium that was supplemented with BSA concentrations ranging from 0-4g/L 
in 1g/L increments. After the cells had spent 24 hours growing normally in the presence 
of BSA, the culture samples were then subjected to a fixed shear stress magnitude of 
2.5Pa for 3 hours in the shear device. Tests in the device using the same shear 
magnitude and exposure time were also carried out with different NS0 cell samples that 





subjected to shear stress. These relatively harsh shear conditions were selected in order 
to clearly highlight any observed protective effect of BSA over the entire concentration 
range that was studied. The percentage reduction in the total cell density over the course 
of the 3 hour tests was calculated for each sample in order to quantify the damage 
experienced by the cells and the results of this are shown in Figure 5.8. 
 
 
Figure 5.8 The protective effect of BSA on NS0 cells when the BSA is 
supplemented into the cell culture 24 hours in advance of the shear test compared 
with when it is supplemented immediately prior to shear. This was tested over a 
BSA concentration range of 0-4g/L in 1g/L increments. Each value represents the 
average of n=2 replicate tests and error bars denote one standard deviation 
[student T-test: 2g/L BSA – p=0.03(*); 3g/L BSA – p=0.006(**); 4g/L BSA – 
p=0.01(***)]. All tests were carried out for 3 hours at 2.5Pa. 
 
A concentration-dependent protective effect was observed when the cells were 
exposed to shear after being supplemented 24hrs pre-shear with concentrations of BSA. 
The TCD reduction continued to decrease at each BSA increment up to the maximum 
concentration of 4g/L, an average total decrease of 62% over the entire range. The 
average decrease across each increasing 1g/L BSA increment was 16% with a standard 
deviation of 3.5%. When the cell culture was supplemented with the same 





change was observed in the level of protection the cells were afforded. An average total 
decrease in the TCD reduction of 60% was observed over the entire concentration range 
for these samples and the average decrease in TCD reduction across each 1g/L BSA 
increment was 16% with a standard deviation of 3%. 
 This result indicates that the full level of protection provided by BSA comes into 
effect very rapidly after the cells have been supplemented with the protein. This 
suggests that the physiological protective effect is fast-acting in nature. These findings 
are supported by the work conducted by McNamara (2016), who showed that BSA 
protects NS0 cells in a concentration-dependent manner over the range 0-2g/L when 
supplemented to baffled shake flask cultures rotating at high speed on an orbital shaker. 
His findings also demonstrated that the BSA protective effect is afforded rapidly when 
the supplement is added to cultures that previously contained no BSA. Following this 
experiment, the next step was to investigate whether the full level of protection 
provided by BSA was transient or long-lasting in effect. 
 
5.4.2 Effect when BSA is Removed from Culture Immediately Prior to 
Shear 
Having observed that the physiological protective effect afforded to the cells by BSA 
comes into full effect very rapidly, this raised two follow-up questions that required 
exploration: 
 
(i) Is the protective effect easily lost when the BSA is removed from the culture 
(i.e. is the effect transient in nature)? 
(ii) If the effect is easily lost, does this occur immediately following removal of 
the BSA or does it take a relatively longer time? 
 
 In order to investigate the answers to these questions, separate NS0 cell samples 
were cultured for ~24 hours supplemented with BSA concentrations across the range 0-
4g/L in 1g/L increments. At the beginning of each test the cells were separated from the 
culture medium using a centrifuge. They were then gently washed in culture medium 





the immediate vicinity of the cells. Following this, the samples were centrifuged again 
and re-suspended in 0g/L BSA medium. Immediately after the completion of this step, 
each of the culture samples was subjected to 2.5Pa of shear stress in the shear device for 
3hrs in order to determine if the protective effect observed in the previous experiment 
was still in effect. 
 
 
Figure 5.9 The reduction in the total cell density of NS0 cell samples when the 
samples were transferred from BSA-containing media to media that did not 
contain BSA immediately before they were subjected to shear stress. This was 
carried out for cell samples that were originally cultured with BSA concentrations 
ranging from 0-4g/L in 1g/L increments. All tests were performed for 3hrs at a 
fixed shear stress of 2.5Pa (n=2 replicate tests). Error bars denote one standard 
deviation. 
 
As seen in Figure 5.9, the percentage reduction in the total cell density for each 
cell culture sample that was grown with BSA before the experiment was similar to the 
TCD reduction observed when the culture had never contained BSA. Across all five 
BSA concentration levels, this percentage reduction averaged 69.9% with a standard 
deviation between the samples of 2.5%. This result indicated that the physiological 





very rapidly when the cells were transferred into culture medium that did not contain 
BSA. This result is strongly supported by the work of collaborating researcher, Liam 
McNamara, who also found that the protective effect of BSA is lost very rapidly when 
cells grown with BSA concentrations of 1g/L are transported to media that does not 
contain any BSA and then subjected to shear stress in rotating baffled shake flasks 
(McNamara 2016). 
5.4.3 Effect of Cholesterol Concentration with and without BSA 
Supplementation 
Previously, it was established that the full level of protection afforded to the NS0 cells 
by BSA came into effect immediately when the cultures were supplemented with the 
protein and that this damage-mitigating effect was also fully lost immediately after the 
cells were re-suspended in culture medium that was not supplemented with BSA. These 
findings indicated that the physiological protection mechanism provided by BSA was 
fast-acting in nature rather than slow-acting, which appeared to suggest that the 
mechanism was unlikely to have a metabolic component to it.  
The next experiment that was carried out sought to further explore whether or 
not this was the case by examining if the protective effect resulted from BSA increasing 
the rate of cellular uptake of a nutrient that enhanced the ability of the cells to resist 
shear-damage. Under the normal culturing conditions used throughout this project and 
during the shear experiments that have been described so far, the culture medium was 
only supplemented with two additives other than BSA: 10ml/L GlutaMAX-l and 0.2% 
v/v of a concentrated solution (1000X) of cholesterol lipid complex. Cholesterol is a 
vital component of animal cell membranes which performs several key functions 
including regulating the fluidity and improving the structural integrity of the plasma 
membrane (Alberts et al. 2002). It is added to the NS0 cell cultures because the cells 
require it to grow normally but they are not able to synthesise or produce it in isolation. 
As discussed by Charbonneau and Tajmir-Riahi (2010), serum albumin is known to 
provide binding sites for cholesterol and Sankaranarayanan et al. (2013) described how 
it acts as a shuttle that enhances cholesterol efflux from cells. Thus it was important to 
investigate if the protective effect observed in the presence of BSA is affected when the 





 NS0 cell samples were prepared at least 24 hours in advance of this experiment 
which were supplemented with CLC concentrations ranging from 0-0.8% v/v in 0.2% 
v/v increments. Three replicate culture samples were prepared at each CLC 
concentration level which were supplemented with 0, 2 and 4g/L BSA. These samples 
were then subjected to 2.5Pa of shear stress in the shear device for 3hrs each and the 




Figure 5.10 The protective effect of CLC on NS0 cells experiencing laminar shear 
stress over the range 0-0.8% v/v when supplemented with 0, 2 and 4g/L BSA. All 
samples were subjected to 2.5Pa of shear stress for 3hrs. All error bars denote one 
standard deviation for n=2 replicate tests, values with no error bars were carried 
out for n=1 tests [student T-test: 0.2% v/v CLC/2g/L BSA – p=0.05(*); 0.2% v/v 
CLC/4g/L BSA – p=0.01(**); 0.8% v/v CLV/0g/L BSA – p=0.05(***)]. 
 
When no BSA was present in the samples, a concentration-dependent damage-
mitigating effect was observed as the CLC concentration was increased up to ~0.6% v/v 
CLC, above which no significant change in this effect was observed. The total decrease 





dosage. When the BSA concentration was increased to 2g/L and 4g/L, a similar effect 
was observed, with total decreases in the TCD reduction of 18% and 23% seen over the 
CLC range studied. No reduction in the TCD was observed at CLC concentrations of 
0.6% and 0.8% v/v when 4g/L BSA was added to the samples. 
 When no CLC was present in the culture medium, a concentration-dependent 
protective effect was still observed when the BSA concentration was increased. The 
average decrease in TCD reduction across the entire CLC range when the BSA 
concentration was increased from 0g/L to 2g/L was 31% with a standard deviation of 
3%. When the BSA concentration was increased from 2g/L to 4g/L, the average 
decrease in TCD reduction across this range was 29% with a standard deviation of 3%. 
These results indicate that BSA mitigates NS0 cell damage through a physiological 
mechanism that is not dependent upon the presence of CLC. The results shown here are 
strongly supported by the findings of collaborating researcher, Liam McNamara, who 
showed that the protective effect afforded by 1g/L concentrations of BSA still manifests 
in the absence of CLC in baffled shake flasks rotating at high speed. His work also 
showed that increasing CLC concentration increases the levels of protection afforded to 
NS0 cells in the absence of BSA over the CLC concentration range 0 – 4ml/L 
(McNamara 2016). 
 
5.4.4 Effect of Native BSA versus BSA Denatured at 100°C for 30mins 
The observation that BSA still provides protection to NS0 cells in the absence of 
cholesterol supplementation in the culture medium suggested that the protective effect 
was unlikely to be the result of a nutritional or metabolic mechanism. To further explore 
this possibility, the next experiment was designed to test the performance of BSA that 
had been thermally denatured in advance of the experiment in order to determine if the 
mechanism depends upon the specific folded structure of the protein. The rationale 
behind this was that if BSA was acting as a transport shuttle for an important nutrient 
involved in improving the ability of the NS0 cells to resist shear-damage, denaturing the 
protein should disrupt or inhibit this mechanism. 
 A highly-concentrated 40g/L solution of BSA was prepared which was aliquoted 
into a 15ml centrifuge tube. The tube was placed in a water bath at a temperature of 





irreversible thermal denaturation of BSA occurs at temperatures exceeding 
approximately 50-60°C. The denatured BSA was then supplemented into NS0 cell 
cultures at concentrations ranging from 1g/L to 4g/L in 1g/L increments at least 24hrs in 
advance of each individual test. Following this, the culture samples were exposed to 
2.5Pa of shear stress in the shear device for 3hrs. The TCD reduction during each test 
containing denatured BSA was compared with the results observed previously when the 
same tests were performed using BSA in the native state, as shown in Figure 5.11. 
 
 
Figure 5.11 The protective effect of native BSA compared with BSA that has been 
denatured for 30mins at 100°C. The effect is shown over the BSA concentration 
range 0-4g/L in 1g/L increments. Each value represents the average of n=2 
replicate tests and error bars denote one standard deviation [student T-test: 2g/L 
BSA – p=0.004(*); 3g/L BSA – p=0.005(**); 4g/L BSA – p=0.01(***)]. All shear 
tests were performed for 3hrs at a fixed shear stress of 2.5Pa. 
 
A protective effect similar in magnitude to that observed when the cultures were 
supplemented with native BSA was seen when the cultures containing denatured BSA 
experienced shear. The effect was concentration-dependent in nature, ranging from an 
average TCD reduction of 62% at 1g/L denatured BSA to 12% at 4g/L denatured BSA. 





the native BSA samples by an average of 1.3% across the BSA range studied with a 
standard deviation of 0.7%. 
These results indicate that BSA still mitigates the damage experienced by NS0 
cells in the presence of laminar shear stress when the protein has been thermally 
denatured so that it no longer retains its specific folded structure and that this effect is 
very similar in magnitude to that seen when BSA is in the native state. This suggests 
that the physiological protective effect of BSA does not depend upon a complex 
interaction between BSA and a nutrient in the culture medium that enhances the ability 
of the cells to withstand damage from shear stress. Thus, the mechanism underpinning 
the action of BSA does not appear to be metabolic in nature.  
 
5.4.5 Effect of Pre-Shear TCD on Reduction in TCD in Presence of BSA 
The next experiment that was carried out was to establish if the protective effect of a 
high concentration of BSA was diluted or altered when the pre-shear TCD was 
increased to a very high level.  NS0 culture samples containing 4g/L BSA were 
prepared in advance which were allowed to grow up to total cell densities spanning the 
normal TCD testing range used in the shear experiments in this project (0.5 and 1.0 x 
10
6
 cells/ml), which served as control samples. Other NS0 cultures supplemented with 
4g/L BSA were grown up to total cell densities of 2.5, 5 and 7.5 x 10
6
 cells/ml in order 
to test the effect of high pre-shear TCDs. All of the samples were subjected to 2.5Pa of 
shear stress in the shear device for 3hrs and the TCD reduction was recorded for each 






Figure 5.12 The effect of pre-shear TCD on the reduction in TCD when the 
samples are supplemented with a high concentration of BSA (4g/L). Tests were 
carried out spanning the normal pre-shear TCD testing range (0.5 and 1 x 10
6
 
cells/ml) and also for very high pre-shear TCDs (2.5, 5 and 7.5 x 10
6
 cells/ml), all 
for n=1 replicate tests. All samples were exposed to 2.5Pa of shear stress for 3 
hours. 
 
 When the pre-shear TCDs were 0.5 x 10
6
 cells/ml and 1 x 10
6
 cells/ml (standard 
testing range), TCD reductions of 11% and 13% respectively were observed. A similar 
level of cell loss was observed when the pre-shear TCD was increased to 2.5 x 10
6
 
cells/ml (11%). A small increase in the TCD reduction was then observed when the pre-
shear TCD was increased to 5 x 10
6
 cells/ml and 7.5 x 10
6
 cells/ml, with TCD 
reductions of 18% and 24% respectively. However, this increase was not statistically 
significant. These results suggest that there is no evidence that the level of protection 
provided to NS0 cells by BSA is dependent upon the pre-shear TCD of the culture 
samples within the standard TCD testing range used in this project when the culture 






5.4.6 End of Phase Conclusions 
The conclusions drawn at this stage in the testing process are summarised in the updated 
framework in Figure 5.13 describing the potential BSA protection mechanism(s). As 
discussed, the possibility of a slow-acting or metabolic physiological protective effect 
has been eliminated. However, BSA does provide a concentration-dependent protective 
effect in the absence of a liquid/air interface. As the physical protective effect 
established in section 5.2 can only operate in the presence of a liquid/air interface, this 
indicates that BSA must also operate by means of a physiological protective effect. 
Additionally, this physiological protective effect provided by BSA in the absence of a 
liquid/air interface has been shown to come into full effect immediately following the 
addition of BSA to the culture medium. This suggests that the effect may be the result 
of a fast-acting, direct interaction between BSA and the cell. The next set of 
experiments was designed to test this hypothesis. 
 
 
Figure 5.13 An updated framework describing the potential BSA protection 
mechanisms following the experiments described so far. These experiments 
concluded that the protection provided by BSA comes into full effect very rapidly 







5.5 Investigation into Nature of BSA Fast-Acting Physiological Effect 
5.5.1 Effect of Fixed Pluronic F-68 Concentration on BSA Protective Effect 
In industrial stirred tank bioreactors, BSA is commonly supplemented to the culture in 
addition to the surfactant Pluronic F-68. As established by results presented earlier in 
this chapter, Pluronic F-68 reduces the surface tension of the culture medium over the 
concentration range 0-1g/L. This indicates that it provides a physical protection 
mechanism for mammalian cells in cultures that are sparged or have a foam layer at the 
liquid/air interface at the surface of the culture. However, as shown by Zhang et al. 
(1992), it is also known to provide protection to mammalian cells from shear stress in 
the absence of a liquid/air interface, indicating that it protects cells through a 
physiological mechanism as well. This physiological mechanism is well-characterised 
in the literature as a direct interaction with the cell whereby the hydrophobic sections of 
the Pluronic F-68 molecules are drawn into the hydrophobic lipid bilayer of the cell 
membrane, leading to their insertion into the membrane and the enhancement of the 
membrane structural integrity (Schulz et al. 2012). As previous experiments have 
indicated that the physiological protection mechanism provided by BSA may be the 
result of a direct fast-acting interaction with the cell, the next experiment that was 
carried out examined the protective action of BSA in the presence of Pluronic F-68 
supplementation in order to establish if this in any way inhibited or altered the effect of 
BSA seen when BSA was supplemented in isolation. 
 NS0 cell culture samples were prepared which were supplemented at least 24hrs 
in advance of testing with BSA in increasing 1g/L increments over the concentration 
range 0-4g/L in conjunction with a fixed Pluronic F-68 concentration of 0.025g/L. All 
samples were subjected to shear stress in the shear device for 3hrs at a magnitude of 
2.5Pa. This enabled an investigation into the effect of Pluronic F-68 supplementation on 
the BSA protective effect over an increasing BSA concentration range, which is 
compared with the effect of BSA previously established in the absence of any Pluronic, 







Figure 5.14 The protective effect of BSA over the concentration range 0-4g/L when 
it is not supplemented with Pluronic F-68 compared with when it is supplemented 
with a fixed concentration of 0.025g/L Pluronic F-68. Each value represents the 
average of n=2 replicate tests and error bars denote one standard deviation 
[student T-test: 2g/L BSA – p=0.02(*); 3g/L BSA – p=0.04(**); 4g/L BSA – 
p=0.02(***)]. All tests were performed for 3hrs at a fixed shear stress of 2.5Pa. 
The level of protection from shear stress experienced by the cells was observed 
to be increased when the samples were supplemented with 0.025g/L Pluronic F-68 
compared with when the samples were not supplemented with Pluronic. This decrease 
in the TCD reduction was seen across the entire BSA concentration range that was 
examined, with an average decrease of 11% across each 1g/L BSA increment and a 
standard deviation between these values of ~3%. When the culture was supplemented 
with 4g/L BSA and 0.025g/L Pluronic F-68, only a very tiny average reduction in the 
TCD was observed (0.6%). These results indicated that enhanced protection was 
provided to the NS0 cells when both additives were supplemented to the culture 
together.  
 
5.5.2 Effect of High Pluronic F-68 Concentration on BSA Protective Effect 
In the previous experiment, it was established that an enhanced physiological protective 





Pluronic F-68 compared to when they were only supplemented with BSA. The next 
experiment sought to explore if this enhanced protection was the result of the two 
additives operating through the same physiological mechanism or was a cumulative 
effect resulting from the two supplements providing protection independently through 
different mechanisms.  This was carried out by exploring if an enhanced protective 
effect resulted from BSA supplementation when the Pluronic F-68 concentration in the 
culture medium was increased beyond the level at which the cell membrane becomes 
saturated with Pluronic. It has been suggested in the literature that this saturation point 
is reached at approximately 0.5g/L (Chisti 2000; Zhu et al. 2008; Gallardo Rodríguez et 
al. 2011). Enhanced protection in this scenario would suggest that BSA provides 
protection to the cells through a different mechanism than Pluronic F-68. The reasoning 
underlying this is that if the BSA protection mechanism depends upon the protein 
becoming directly incorporated into the cell membrane then it should be inhibited by 
achieving this if the membrane is already saturated with Pluronic molecules. 
 NS0 cell cultures were prepared which were supplemented 24hrs in advance 
with Pluronic F-68 concentrations over the range 0-2g/L in the presence of a fixed BSA 
concentration of 1g/L. Replicate culture samples were prepared containing Pluronic F-
68 concentrations over the same range which contained 0g/L BSA. All samples were 
subjected to 2.5Pa of shear stress for 3hrs in the shear device and the TCD reduction 







Figure 5.15 The protective effect of Pluronic F-68 on NS0 cells over the range 0-
2g/L and the effect of this on the protective effect of BSA. Replicate tests were 
carried out in the presence and absence of 1g/L BSA supplementation over the 
Pluronic F-68 range that was studied. All samples were subjected to a shear stress 
magnitude of 2.5Pa for 3hrs. Each data point represents n=1 tests. 
 
When the samples did not contain BSA, increasing the Pluronic F-68 
concentration resulted in a sharp increase in the protective effect experienced by the 
NS0 cells for relatively low concentrations within the range 0-0.5g/L. Over this range, 
the TCD reduction resulting from the shear exposure decreased from 72% at 0g/L 
Pluronic to 28% at 0.5g/L Pluronic. However, when the concentration was increased 
above ~0.5g/L, no significant further increase in protection was observed, with TCD 
reductions of 25% and 24% recorded when the culture medium was supplemented with 
1g/L and 2g/L Pluronic respectively in the absence of BSA. This result supported the 
findings in the literature that the cells become fully saturated with Pluronic at 
concentrations exceeding ~0.5g/L. 
  Supplementing the cultures with 1g/L BSA over the same Pluronic F-68 
concentration range resulted in increased levels of protection from shear stress at each 





decrease in the TCD reduction was observed for relatively small increases in the 
Pluronic dosage. When the cells were supplemented with 0.1g/L Pluronic F-68 and 1g/L 
BSA, a TCD reduction of ~25% was observed, which was approximately equal to the 
maximum level of protection observed when the Pluronic F-68 was supplemented in 
isolation. No reduction in the TCD was recorded when the cells were supplemented 
with 1g/L Pluronic F-68 and 1g/L BSA, which was a decrease in TCD reduction of 
~25% compared with the protective effect seen when the cells were supplemented with 
1g/L Pluronic F-68 and 0g/L BSA. The result shown here that Pluronic F-68 provides 
concentration dependent protection to NS0 cells exposed to shear stress is strongly 
supported by similar experiments conducted by collaborator Liam McNamara who 
demonstrated the same effect over the range 0 – 0.1g/L Pluronic F-68 for cells grown in 
AMBR mini stirred tank bioreactors (McNamara 2016). 
These results indicate that supplementing the culture medium with high 
concentrations of Pluronic F-68 does not inhibit or mask the protective effect provided 
to the cells by BSA. Instead, supplementing both of these additives to the culture 
together produces a cumulative protective effect. The previous experiments indicated 
that BSA was likely interacting directly with the cell in a fast-acting and transient 
manner. However, this experiment indicated that the BSA may not be becoming 
incorporated directly into the cell membrane like Pluronic F-68 does. Thus, the result 
seen here suggests that Pluronic F-68 is protecting the cells by becoming embedded 
directly in the cell membrane, while BSA may be forming a simple coating or barrier 
around the external surface of the cell membrane in a transient manner that is easily lost 
and is not dependent upon the specific folded structure of the protein. The next 
experiment sought to confirm or reject the hypothesis that the BSA was associating 








5.5.3 Direct association of BSA with NS0 cells 
In the previous experiments it was established that the physiological protection 
mechanism provided to cells by BSA manifested itself through the protein interacting 
directly with the cells in a fast-acting and transient manner. The next experiment set out 
to determine whether or not the BSA was associating directly with the NS0 cells by 
forming a coating around the external surface of the cells.  
NS0 cell cultures which were originally grown in culture medium containing 
0g/L BSA were transferred to culture medium containing 0, 2 and 4g/L BSA at least 
24hrs in advance of the experiment. The cells were separated from the medium by 
centrifuge and washed three times gently in 0g/L BSA medium in order to remove any 
residual BSA-containing medium or loose BSA that was surrounding the pellets. The 
washes and cell lysates were run through a gel using the SDS-PAGE technique and 
transferred to a nitrocellulose membrane. The membrane was then probed for BSA 





















Figure 5.16 Western Blot results for Wash 1 and Wash 3 (A) and for the cell 
lysates (B) that were generated from the cultures that originally contained 0, 2 and 
4g/L BSA. β-actin was used as a loading control for the lysate samples. 
 
As seen in Figure 5.16(A), BSA was detected in Wash 1 for the samples that were 
grown in culture medium containing 2g/L and 4g/L BSA. Wash 1 from the 0g/L BSA 
sample did not contain any BSA. Wash 2 did not contain any clearly visible signs of 
BSA for any of the samples. This indicated that any residual or loose BSA was washed 
away so that it was no longer surrounding the pellet before the lysates were generated. 
 As seen in Figure 5.16(B), BSA was detected in the lysates in a concentration-





BSA, this indicated that the BSA present in the lysates was the result of BSA 
associating directly with the cell. The full Western blots are shown in Appendix A of 
this thesis. The protein bands observed in Figure 5.16(B) were quantified using band 
signal densitometry and the results were normalised using the β-actin loading control in 
each lane. The results of this are shown in Figure 5.17. 
 
 
Figure 5.17 Optical densitometry analysis of the BSA bands observed following 
probing of the nitrocellulose membrane. A concentration-dependent increase in 
the normalised band signal intensity was observed for the cultures which were 
originally supplemented with 0, 2 and 4g/L BSA.  
 
 The normalised band signal intensity increased from 0 x 10
3
 to 8 x 10
3
 arbitrary 
densitometry units (ADU) when the BSA concentration in the initial culture was 
increased from 0 to 2g/L. This signal approximately doubled to 15.9 x 10
3
 ADU when 
the BSA concentration was doubled to 4g/L, supporting the finding from the shear 
experiments that BSA was interacting with the NS0 cells in a concentration-dependent 
manner. These results indicate that BSA associates directly with the NS0 cells, 





a coating around the external surface of the cell membrane. This result is supported by 
similar experiments conducted by collaborating researcher, Liam McNamara, who 
found that BSA associates directly with NS0 cells in a concentration-dependent manner 
over the BSA concentration range 0 – 2g/L (McNamara 2016). His work also shows 
that thermally denatured BSA still associates directly with NS0 cells, bolstering the 
hypothesis presented in this thesis that the association of BSA with the cells is not 
dependent on the specific folded structure of the native BSA molecule. 
 In section 2.5.3.4 previous literature is discussed which establishes that the 
glycocalyx is a layer existing on the external surface of NS0 cells. This layer comprises 
of a mesh of polysaccharides covalently linked to glycoproteins and glycolipids which 
are linked to transmembrane proteins in the cell membrane (Herzog and Jacobs 2011). 
As mentioned in the section, research into the glycocalyx layer has focused largely upon 
the layer in endothelial cells. Several investigations have shown that the 
glycosaminoglycan components of the endothelial cell glycocalyx provide binding sites 
onto which blood serum proteins such as BSA adsorb (Osterloh et al. 2002; Tarbell and 
Pahakis 2006; Zeng et al. 2012). The results described in this chapter suggest that BSA 
may be adsorbing to the glycocalyx layer on the external surface of NS0 cells and that 
the number of BSA molecules interacting with the layer in this manner is dependent 
upon the concentration of albumin present in the culture medium. This hypothesis that 
BSA is adsorbing to the external glycocalyx layer rather than becoming embedded in 
the cell membrane is supported by the results established in section 5.5.2 which show 
that BSA increases the ability of NS0 cells to resist shear even when the cell membrane 
is saturated with Pluronic F-68. 
 Furthermore in the literature, it is known that the exposure of endothelial cells to 
shear stress has been shown to stimulate increased incorporation of glycosaminoglycans 
into the glycocalyx (Gouverneur et al. 2006) and  that the adsorption of serum proteins 
to glycosaminoglycans contributes to the structural stability and shape of the glycocalyx 
(Reitsma et al. 2007). It has also been suggested by Osterloh et al. (2002) that the 
interaction between albumin and the glycocalyx layer is rapid, transient and may be 
influenced by the local protein concentration gradient existing within the vicinity of the 
cell. This supports the findings outlined in this project that BSA plays a damage-
mitigating role in shearing environments and that this effect is quickly acquired and 






5.5.4 End of Chapter Conclusions 
It is concluded that BSA mitigates the damage experienced by mammalian cells in a 
shearing environment in a concentration dependent manner over the range that was 
studied (0-4g/L).  BSA achieves this by means of two separate protection mechanisms – 
a physical mechanism and a physiological mechanism. A final, updated framework of 
potential BSA protection mechanisms is shown in Figure 5.18 following the completion 




Figure 5.18 An updated framework describing the method of action of BSA 
following the final set of experiments. The experiments concluded that BSA 
provides protection by means of a fast-acting, direct interaction with the cells in 
addition to a partial physical mechanism when sparging or a liquid/air interface is 
present in the culture. 
 
 The physical protection mechanism is only manifested in the presence of a 
liquid/air interface. It operates by means of BSA reducing the surface tension of the 
culture medium at this interface. The second mechanism is a fast-acting, physiological 
effect whereby BSA molecules interact directly with the external surface of the cell. We 





NS0 cell glycocalyx layer in the same way that albumin has been shown to adsorb to the 
glycocalyx layer of endothelial cells. In this way, BSA enhances the ability of the cell to 
withstand shear stress by forming a physical barrier between the cell membrane and the 




Figure 5.19 Diagram of the proposed interaction between NS0 cells, BSA and 
Pluronic F-68 in culture medium containing a liquid/air interface. Pluronic F-68 
becomes directly embedded in the plasma membrane as a result of having a high 
hydrophilic/hydrophobic ratio, reaching a membrane saturation point above 
concentrations of ~0.5g/L. BSA molecules adsorb to elements of the glycocalyx 
layer on the external surface of the plasma membrane. Both Pluronic F-68 and 
BSA also have an affinity for the liquid/air interface at the surface of the culture. 
This results in the surface tension of the culture medium becoming reduced, which 






 The diagram in Figure 5.19 illustrates the proposed protection mechanisms of 
BSA when used in conjunction with Pluronic F-68 in a culture that has a liquid/air 
interface. As with BSA, the results in this chapter show that Pluronic F-68 increases the 
ability of mammalian cells to resist shear stress in a concentration-dependent manner 
within the range 0-5g/L. This occurs through Pluronic molecules becoming directly 
embedded in the plasma membrane and increasing its structural integrity. BSA further 
increases the ability of NS0 cells to resist shear stress even when the cell membrane is 
fully saturated with Pluronic F-68, suggesting that they can be employed in conjunction 


































Conclusions and Future Work 
6.1 Introduction 
The work presented in this project enhances the level of understanding regarding the 
effects of BSA on mammalian cells in culture in a shearing environment. As BSA is a 
supplement of animal origin that remains largely ubiquitous in media used in industrial-
scale mammalian cell culture, these results address some pertinent questions by creating 
a deeper knowledge of the useful properties provided by BSA which could in turn 
contribute to the eventual removal of BSA from widespread use in this manner. The 
main conclusions interpreted from the results in this project are as follows: 
 BSA mitigates damage experienced by NS0 cells resulting from excessive 
magnitudes of shear stress. This protection increases in a concentration-
dependent manner over the range 0-4g/L BSA. 
 The protective effect provided by BSA is not the result of a slow-acting 
physiological mechanism, such as an increased rate of provision of cholesterol 
to the cell membrane. BSA provides protection both in the presence and absence 





thermal denaturation provides the same level of protection to NS0 cells as native 
BSA, suggesting that the mechanism of protection is not specific or complex. 
 The protection afforded to NS0 cells by BSA takes full effect very rapidly after 
it is supplemented to the cell culture. The protection is also fully lost 
immediately after the cells are transferred to culture medium that does not 
contain BSA, indicating that the effect is transient in nature. 
 BSA does not have a measurable effect on the dynamic viscosity of the culture 
medium over the range 0-4g/L. However, it does slightly reduce the surface 
tension of the culture medium over this range. Thus, in the presence of sparging 
or a liquid/air interface the BSA mechanism of protection is two-fold, resulting 
from a direct, physiological interaction with the NS0 cells in addition to a slight 
physical effect afforded by the BSA functioning as a surfactant. In the absence 
of sparging or a liquid/air interface the effect is purely a result of the 
physiological interaction with the cells. 
 Pluronic F-68 also provides protection to NS0 cells from shear stress in a 
manner that is concentration-dependent  over the range 0-0.5g/L. However, this 
effect does not change when the concentration exceeds ~0.5g/L. 
 The physiological protective effect of BSA is not masked when the plasma 
membrane of the cells is saturated with Pluronic F-68. Instead, a cumulative 
protective effect is observed. As the physiological protective effect of BSA has 
been shown to be the result of a direct interaction with the cell, this suggests that 
BSA is likely forming a coating around the external surface of the cell rather 
than becoming directly embedded in the membrane. This coating may manifest 
as BSA molecules adsorbing to the glycocalyx layer on the surface of the cell, 
forming a physical barrier between the cell and the fluid and/or improving the 
structural integrity of the glycocalyx. In this way, BSA would improve the 
ability of cells to resist damaging levels of shear stress. 
 
6.2 Future Work 
Leading on from this research into the damage-mitigating effects and method of action 





BSA in cell cultures exposed to shear stress. This substitute should replicate the 
physiological protective effect of BSA in addition to functioning as a surfactant in 
cultures with a foam layer or sparging. The advantages of using a synthetic molecule are 
that it could be mass produced to a high degree of fidelity, would not be susceptible to 
harbouring biological contaminants such as prions or viruses and would likely be cheap 
to produce relative to the cost of extracting and purifying BSA from bovine serum. 
Regarding the specific work carried out in this project, there are several lines of 
inquiry which could be pursued to shed further light on the action of BSA. The first of 
those would be to measure the effect of BSA on NS0 cells at concentrations exceeding 
the maximum dosage examined in this project (4g/L). The maximum BSA 
concentration tested in this work was limited to 4g/L because that was the highest 
concentration that was available to be obtained from the supplier in liquid form. The 
purpose of testing higher dosages would be to determine if there is a concentration 
threshold beyond which the increasing protective effect of BSA begins to reach a 
plateau. When the cell culture was supplemented with 4g/L of BSA and subjected to 
harsh levels of shear stress approaching the limit of what rotational speeds could be 
achieved using the shear apparatus motor, the reduction in total cell density was close to 
zero. As a result, it may be necessary to install a more powerful motor and subject the 
cells to greater magnitudes of shear within the laminar range in order to detect if this 
plateau exists. This investigation could indicate whether or not there is a BSA saturation 
or toxicity point which acts as an upper limit beyond which no increase in protection is 
observed. 
Additionally, the work carried out here could be expanded to incorporate a 
turbulent shear stress model which would capture the shearing effect of turbulent 
microeddies on mammalian cells. This could be achieved by increasing the rotational 
speed of the inner cylinder in the shear apparatus so that the flow regime within the 
device transitions to turbulent. It could also be carried out by introducing baffled shake 
flask culture vessels that are set rotating on an orbital shaker at high rotational speed. 
However, the magnitude of shear stress the cells would be subjected to in these 
scenarios would be problematic to quantify accurately. In the case of transparent shake 
flasks, particle image velocimetry could perhaps be used to compute the average 
velocity of the fluid particles at different positions within the flask and this could in turn 






The use of the baffled shake flask shear model could also be used to study the 
action of BSA on cells experiencing shear stress in the presence of a liquid/air interface 
and a foam layer on the surface of the culture. This investigation in turn could be 
expanded further to examine what happens when sparging is introduced to the culture 
using bubbles of small and large diameters and bubble columns of different heights, 
similar to the work carried out by Chisti (2000). This may lead to insights into the 
relative impact of sparging on cell loss compared with the losses that are the result of 
mechanical agitation in isolation. It would also enable more study of the physical 
protective effect provided by BSA (surface tension reduction) and the importance of this 
effect in the presence and absence of sparging. 
Furthermore, the hypothesis put forth in this project that BSA is interacting 
directly with the external surface of NS0 cells by adsorbing to elements of the 
glycocalyx layer could be explored in more detail. One potential method for further 
testing the validity of this idea would be to visualise elements of the NS0 cell 
glycocalyx layer using confocal microscopy similar to the technique used by Zeng et al. 
(2012) to observe and quantify the coverage of adsorbed albumin on the endothelial 
glycocalyx. This technique could be carried out for NS0 cells that have been cultured 
both in the presence and absence of BSA in order to determine if BSA adheres to the 
NS0 cell glycocalyx and also to measure if the width of the glycocalyx layer is greater 
in the presence of BSA (as a result of the BSA molecules improving the structural 
integrity of the layer). However, this approach may be technically challenging as this 
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Appendix A: Supplementary Information 
The full Western Blots that were used for analysis in Figure 5.16 of the Results chapter 
are shown in this section.  
 
Figure A.1 Western Blot results for Wash 1 and Wash 3 (A) and for the cell lysates 
(B) that were generated from the cultures that originally contained 0, 1, 2, 3 and 
4g/L BSA. β-actin was used as a loading control for the lysate samples.  
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